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ABSTRACT

Activity data for the liquid binary systems Ag-Cd, Ag-
In, and In-Cd are correlated ia terms of the Wilson equation.
These correlations are used to construct a model of the ter-
nary system Ag-1In-Cd. Spectroscopic data for the vapor
species Ag(g). Ag2(9). Ag3(g'. Ag*(g), In(g)., Inz(g). In*(g),
Cd(g), Cdz(g)., Cd*(g)., Agin(g). and Cdin(g) are reviewed
and are used to define thermodynamic functions for these
species for temperatures between 298 and 3500 K. Vapor
pressures for the liquid phase pure elements, liquid binary
alloys, and the 1liquid ternary alloy are calculated using
the Wilson equation model and using the assumption that the
condensed phase is an ideal mixture. An azeotrope is pre
dicted for the Ag-1n system. Predictions are made of the
vaporization of alloys of 80 percent Ag, 15 percent 1n, and
S percent Cd used as control materials in some pressurized
water reactors.
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I. The Natuvre of the Problem

Most pressurized water reactors (PWRs) use as a reactor
control material an alloy of silver, indium, and cadmium.(1l)
The alloy is sheathed in type 304 stainless steel. During 2
severe reactor accident these control rods would be subjected
to intense heating that parallels the temperature excursion
experienced by the reactor fuel. The constituents of the
control rod material are not refractory. As temperatures
increase constituents of the control rod vaporize and the
rod pressurizes. Eventually, the cladding on the rod would
be breached. The rupture of the cladding may be caused by
the internal pressure, but will be caused by cladding melting
or creep if nothing else. Once the stainless steel sheath
is ruptured vapors and liquid control rod alloy can flow out
into the reactor core.

There is a significant amount of control rod material in
a typical reactor core. Geometric data collected in Table 1
can be used to estimate that there are about 2.9 metric tons
of alloy in a four loop PWR. This alloy mass consists of
about 2.3 metric tons of silver, 0.44 metric tons of indium,
and 0.15 metric tons of cadmium.

Investigators at Oak Ridge National Laboratories appear
to have been the first to heat simulated control rods to
tfailure.(2) These investigators found that when the control
rod was heated in a furnace at normal laboratory pressures,
it ruptured violently at a temperature between 1580 and
1700 K. Vaporous cadmium and droplets of silver were
expelled. Subsequent investigation at the Atomic Energy
Establishment at Winfrith in the United Kingdom have con-
firmed this behavior and have characterized the aerosols
produced by the expelled control rod materials.(3

Vapors released from the control rods into the reactor
core will be swept into cooler regions of the reactor cool-
ant system along with any radionuclides released from the
fuel. In these cooler regions the vapors will condense
either as aerosols or on structures within the coolant
system. Aerosols formed from vapors of control rod alloys
will provide large surface areas for reaction of tellurium
or other radionuclides. High aerosol concentrations will
accentuate the agglomeration, sedimentation, and deposition
of radioactive materials in the reactor coolant system.

Thus, vaporization of control rod materiales can affect
the efficiency with which radionuclides transport through
the reactor coolant system to points where they can be
released from the plant. Whether generation of control rod
vapors is important for the analysis of radionuclide behavior
depends on:

o




Table 1

Control Rod Geomet:y for a
Westinghouse Four Loop PWR

1. Control Assemblies

§3 full length assemblies
8 partial length assemblies
20 rods per assembly

11. Rod Description

type 304 stainless steel clad
outside diameter - 0.422" = 1.07 cm
wall thickness = 0.019" - 0.048 cm
length of control material in
full length rods - 142" = 361 cm
partial length rods - 36" - 91.4 cm
total rod length - 156.4" = 397 cm

I11. Alley

0% Ag, 15% In, 5% Cd

density « 9.93 g/cm3

total mass of control rod material -
2.94 metric tons

mass of silver - 2.35%51 metric tons

mass of indium - 0.440 metric tons

mass of cadmium - 0.147 metric tons



1. when, relative to the release of radionuclides from
the fuel, extensive vaporization of the control rod
material occurs,

2. how much vapor is produced from the control rods, and

3. what is the chemical composition of vapors from the
control rods.

Control rod alloys may also affect the course of core
degradation in a severe reactor accident. Hagan and co
workers{4) were the first to note that liquid control rod
alloy will interact with zircaloy clad on the fuel. Parker
et al.(2) nave also noted this interaction. A eutectir
melting point arises in the Ag/Zr system at 1520 + 10 K and
90 percent 2r.(5) Pperhaps more important is tha* exothermic
compound formation arises at the nominal stoichiometries of
AgZr and AgZrj. Indium is readily soluble in zirconium(®)
but the consequences of indium dissolvtion on the melting
properties of the mixture have not been reported.
Investigators at Winfrith suspect the interaction of In with
Zr is quite strong and that the mceting of ternary Ag In Zr
alloys occur at temperatures lower than the Zr Ag eutectic.

Formation of alloys between fuel cladding and control
rod materials that melt at low temperatures could cause clad
to flow off the fuel rods very early in a reactor accident.
Collapse of the fuel into a geometry much less easily cooled
than an intact core could be a consequence of clad loss.
Certainly the facility with which radionuclides could be
released into the core atmosphere would increase were the
fuel cladding removed.

Liquid control rod material may continue to vaporize
whether or not it has interacted with the clad. Some aceci
dent analyces have been predicated on this continued vapori
zation. (7 These analyses predict that such high aerosol
concentrations arise then in the reactor coolant system that
only small fractions of radionuclides released from the core
escape into the reactor containment building.

others(®) have argued that 1ittle vaporization other
than loss of cadmium will occur. Instead, the control rod
alloy will flow out of the hot regions of the core and
freeze. The frozen alloy may inhibit steam flow and conse
quently metal -water reactions in the core.

There are, then, many questions about the behavior of
control rods during a severe accident. 1In this document the
vaporization behavior of the silver-indium cadmium control
rod alloy is considered. The objectives of the analyses here
are to determine



1. The pressurization of control rods during reactor
accidents,

2. The composition of vapors released from molten
alloys, and

3. The vaporization potential from control rod alloys
after clad rupture.

IT. WML&LM&M

To estimate the vapor pressures over control tod alloys
it is necessary to evaluate expressions of the type:

where ®i - fugacity coefficient of the ith vapor species

Pi - equilibrium partial pressure of the i'h vapor
species

Xy «- mole fraction of the condensed form of the
ith vapor species in the alloy

Yi « activity coefficient of the condensed form of
the i'h vapor species

AGy - standard state free energy change assoclated
with the vaporization process for the ({th
specles

R -« gas constant
T » absolute temperature.

kn important first step in the evaluation of such expressions
is the determination of the concentration and activity of
constituents of the liquid alloy.

The initial concentrations of constituents of the control
rod alloys are specified, of course. Typical alloy composi
tions are shown in Table 2 along with thermal and physical
properties of the constituents when pure.

Activity coefficlente of alloy constituents cannot be
caleculated a priori with any confidence. 1In the absence of
any significant data for the alloy of interast here, activity
cvefficients must be derived from models. One such model ig
the ideal solution model in which all activity coefiliclents
are assumed to have values of unity regardless of composition



Table 2

Control Rod Initial Composition and the
Theravphysical Properties of Its Constituents

Property Silver indium Cadmium
Iinitial compeosition
in weight % L9 1% 5
Initial composition
in atem % 809 4.2 4.9
Welting pointd
=) 1238 429 .1 594
Heat of fusion®
(cal/male) 2855 180 1460 &+ 30
Beiling poimt®
=) 2437 23 1040
Beat of vaporizatioa® 61106 (.180) $5642 (+70) 57143 (+90)
(cal/mole) -25.066 (+0.079)T(K) -23.748 (+C 032)T(K) ~0.713 (+0.051)T(K)
Molar volume® 1. 34341 o E(T 1233)) (15.5422 + 0.0307)x» 18.015(" + E(T-593))
(et £ - 0.000111 i1 « T £ - 0.000137

€ - (0.118:,0.004) x 103}
Wolecular weight 107 97 118 82 112.40

“Frem B Hultgren. P. D Desai. D T Hawkins. M., Gleiser. K. K. Kelley. and D. D. Wagman,
Properties of Elements., American Society for Metals, 1973,

BLinear least squares fit of data calculated here.
CSilver and cadmium data from desnsitly equations in the International Critical Tables.

indium 4ats from linear least square fit using density data from C. Smithells Metals Reference
Book, Butterwortihs.



and temperature. This assumption of ideality for the alloy
has a certain attractiveness. 1t is simple and at suffi-
ciently high temperatures all alloys should behave in accor-
dance with thiz model.

There are data on binary alloys in the Ag¢ In-Cd system
that ¢do indicate some nonidealities of the system. These
data can be used to formulate models that are more compli
cated and more realistic than the ideal solution model for
the ternary alloy. For the analyses here, both the ideal
solution model and a more complex model developed from data
for binary alloys will be used. This should yield a com
parison that might be indicative of the uncertainty in the
analyses or the error in results obtained based on the very
attractive assumption of ideality.

A. Nonideal Solution Models

The ideal solution model is based, of course, on the
assumption that the free energy of a binary mixture is just

G B 201(1) + (1-x) 02(7) + RT(x8n(x) « (L-x)n(1-x))

mix

where X «+ mole fraction of constituent {
Gy(T) - free energy of the pure {th constituent.

To introduce deviations from ideality in the ligquid model it
is only necessary to add a term, GX*®,  to the right hand
side of the above equation for the free energy of 4 mixture,
GX% can be a function of temperature and composition. The
relationship between GX® and activity coefficients for the
alloy constituents is just

3 oll
ll'rlnvi B ~;§~—-
s T L P n,()ol)

A model that will be used here to explore tgo 8'(1“' of
nonideality is the so called "Wilson equation®:(9.,10,11)

93' N N
‘T* - lgl " in ’t" A(‘-“‘,

whare x{ « mole fraction of the i'M constituent



A(i,j] - molar volume of the i'M alloy constit-
uent when a pure liguid
v L
L )
Vi - ;—‘: exp(- ‘i,j,r”
i

R - gas constant

aj,j) - parameters such that ajy = 0 and
aj,j v 0 when i v j.

Then, for binary alloys, the Wilson equation yields:

Inyl « ~nlx +« A[Y1,2)(1 %))

i k AL e2) _  A[2,11
( "[x CAML 2100 A(z‘%ﬁ 3 l-x]

e ALYL2) 0 AL2,0)
lnvz o ~An(l-x + A[2,1]%) :[' . a%%.ZI(l-x) CA[Z,10% Ivn]

where x is the mole fraction of the first alloy constituent,

The Wilson equation is a two parameter gsolution model in
which the parameters are ay; and ayy. These parameters are
found, of course, by fitting the model to experimental data.
When this is done for data covering a very broad temperature
range, it is sometimes convenient to make the parameters
temperature dependent., Often a linear temperature dependence
is assumed:

.t’ . .i’ ‘ 8{,1’

Suech a temperature dependence implies that the interaction
coefficients, A[(1,)), do not approach unity as temperatures
approach infinity an implication that is counter to expec

tations. ‘The consequences of assuming |lnoar temperature
dependencies for the parameters are negligible for situations
in wileh there are data spanning the tomperature range of
interest. Here, however, It is likely the solution model
will be used to extrapolate into ragimes not aexplored by

9.



experiment. The only available guidance for such extrapola
tion is that with increasing temperatures mixtures ought to
behave in a more ideal manner.

Two alternate temperature dependencies were investigated:

——-

Note that the interaction coefficients derived from either
of these temperature-dependent parameters will approach unity
with increasing temperature. Unfortunately, the data avail

able for the systems of interest do not span such a large
range that conclusions could be made concerning the appro

priate temperature dependence for the parameters. For
analyses with the Wilson equation using rtemperature dependent
parameters, the reciprocal temperature dependence was arbi.
trarily selected.

The Wilson equation has been used widely for analyses of
distillation.(12) 1t has a disadvantage that has made it
less popular in inorganic fields. It cannot predict con-
densed phase immiscibility. For the application here, the
temperatures of Iinterest are sufficiently far above the
alloy liquidus it is unlikely that this failing of the model
will be of concern.

An advantage of the Wilson equation is that once para
metric values for binary models are known, a ternaty or
higher order model can immediately be constructed. Thus,
for an N constituent alloy,

‘ N n ll:‘("‘l
tny, « 1 - ‘"Q’tl Xy ALY - '21 N
§1 Xy Ak, 3]

Notice that ternary and higher order interactiones among atoms
in the alloy are neglected in the Wilson model. The founda.
tion of the model is on the assumption that all interactive
forces in the alloy can be described by sums of palrwise
interactions between atoms. The validity of this assumption
has been and will continue to be discussed at length in the
literature., Neglect of ternary interactions is not alarming
for metal alloys of interest here,



Another model that has received attention for metal alloy
systems is the subregular solution model.(13) The excess
free enecrgy for a binary subregular model is given by:

e"* . x(1-%)[(1-%x)h, + xh )

where the parameters, hy and h;, can be temperature
depondent. Activity coefficients derived from the sub

regular model are:

2 3
RTAn(Y - X [2h2 hll *+ % [2h1 , 2h2)

2)
RTRN(Y,) - (1-:)2[h2 + 2%(hy-hy))

Again, the subregular model has two parameters and these
parameters may be temperature dependent. A linear tempera
ture dependence:

has nearly always been assumed by authors using the model.
Such a linear temperature dependence in the subregular solu-
tion model has the same flaw noted above for linearly
temperature dependent parameters in the Wilson equation.
Consequently, here the reciprocal temperature dependence is

used

B. FEitting Procedure

Nonlinear least squares procedures(13) are used to fit
binary 7“ata to the solution models. Intercomparisons of
models with the same or different numbers of parameters were
done based on an F test appropriate for linear models. The
F statistic for comparing two models is formulated as



N
where xf = I ngc - y‘;“c)2 for the ith model
j=1

N = number of data points
P{ = number of parameters in the ith model.

The hypothesis that Model 1 is better than or equal to
Model 2 is rejected at a 100(l-a) percent confidence if

F > PC(N—P N-P 100 (l-a)¥%)

1’ 2°

where F., is the tabulated critical value of the F statis-
tic with N-P; and N-P; degrees of freedom.
The hypothesis that the two models explain the data
equally well is rejected when
F > Fo(N-Py, N-P2, (l-a/2)100%)
or

F < Feo(N-Py, N-P32, 100a/2%)

The data sets used below are finite. The models that
are constructed will be extrapolated beyond the limits of
the supporting, finite, data sets. It is important then to
have an estimate of the error to ascribe to the predictions
of the model. The approximate error estimator used here is

appropriate for a model linear in its parameters and is given
by:

error in model prediction « E(X,T)

172 2 2

.. “illx:xl__ " .=LI;IA__.
L (xg-m? 1 (r-m?
i=1 i=1

2
« t t(l-a/2, N-P) }:;

-10-



where t(l-a/2, N-P) - Student's t statistic for the (1 a/2)
100% confidence level and N P degrees
of freedom

(1-a)100% - confidence level of estimated range

. average composition in the data set

- x>

- average temperature in the data set

Xy - composition of a particular point in
the data set

Ty « temperature of a particular point in
the data set

x, T - composition and temperature of the
estimate.

For the nonlinear models of interest here this estimate of
uncertainty is very crude. Some values of the Student ¢t
statistic are listed below:

t(l-a/2, N-P) for

a = 0.2 0.1 0.0% 0.01
N-P
23 1.319 1.714 2.069 2.807
35 1.307 1.690 2.031 2.727
81 1.293 1.665 1.990 2.638

An 80 percent confidence level (a-0.2) is used routinely
in this document. More demanding readers can easily raise
this confidence level.

The above definition of the model error yields a minimum
error at the midpoint of the data set, The error grows
toward the extremities of the data set and expands greatly
when the model is used to extrapolate beyond the existing
data.

C. Pressucte Dependence of Activity Coefficients

All of the data available for alloys of {interest here
were acquired at normal, laboratory, atmospheric pressure,.
In application, however, the models will be used for pres.
sures up to at least 170 atmospheres. Though this is not an
exceptionally high pressure, it is useful to ascertain it
pressures will significantly affect the activity coefficients
of the alloy constituents.

The pressure dependence of activity coefficients of con-
densed phase species is given by:

o)lke



P
<L
If %,
ref ’

activity coefficient of the ith constituent
at the reference pressure which here is one

wvhere Yi(?r.f)

atmosphere
Yyi(P) = activity coefficient of the i'h constituent
at pressure P
L th
Vi « partial molar volume of the | constituent
the alloy.

Partial molar volume data for alloys are arong the least
often measured features of alloys. They are almost never
known and certainly have not been reported for the alloy of
interest here. 1In the absence of such data it has become

customary to use molar volume data for the pure constituents
of the alloy.

0. J. Kleppa(l4) has reported data on the excess volume
of mixing of several alloys including cadmium/indium alloys.
He finds that the excess volume of mixing passes through a
maximum at mole fractions of near 0.5. At this maximum the
excess volume is about 0.12 + 0.01 em?/g atom. The findings
are reminiscent of a regular solution. Thus, to a first
approximation

(1) (2)
\'/ = xV. + (l-x)v- + Ax(1l x)

mix

-

where Vaix volume of the mixture
X « mole fraction of constituent 1

‘th

V:‘) + molar volume of the pure constituent

A . regular solution interaction constant.

Then, the partial molar volume is given by

v (1) 2

«13-



74 (2) 2
\l2 'VN + Ax

From the data for cadmium/indium alloys the value of A is on
the order of 0.5 cm3. Thus, the maximum difference between
partial molar volumes and molar volumes is on the order of
0.5 em3 or about 4 percent for species of interest here.

This error is not likely to be significant.

For pressures and temperatures well removed from the
critical point, the pressure dependence of molar volume can
be neglected. With this assumption, the activity coeffi
cient is:

Y, (P) = vi(Pt.f)[.xp V‘i‘(p 1)/u1~]

Obviously, the correction term is small. For a molar volume
of 20 cleQ»atOl. the activity coefficient at a pressure
of 100 atmospheres ic greater than the activity coefficient
at 1 atmosphere by a factor of 1.024 at 1000 K and a factor
of 1.012 at 2000 K. Within the context of this work, errors
in the activity coefficients of 1 and 2 percent are not of
great concern.

D. Critical Properties of the Elements and Alloys

A proviso on the development above of the pressure
dependence of the activity coefficients was that conditions
be well removed from the critical point. 1In the vicinity of
the critical point the compressibility of the liquid and the
compressibility of the vapor phase must become similar. The
integral

P VL
[ S
P

ref

then becomes harder to evaluate,

Critical properties of the alloys of interest here have
not been measured. A similar situation exists for nearly all
mixtures. It s necessary then to estimate the properties
of the mixture from those of the pure constituents. A typil
cal set of “tﬁ}‘l' for estimating the critical properties of
mixtures is:(12)

1P
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i=1

T: « eritical temperature of constitvent i
v: = critical volume of constituent i.

Measurements of the critical temperatures of silver and
cadmium based on exploding wire techniques have been re
ported.(15.16)  some average values of the measurements
are:

Te(Ag) = 4210 ¢ 210 K
Te(Cd) « 2545 ¢ 60 K
Measurements of the critical temperature of indium have not
been reported,.
Quite a number of simple, empirical correlations have
been proposed for estimating ca%gleal temperatures of ele

ments from known properties.( Blaie(18) sdvocates the
use of the correlation:

Te + 1.3839 T)1.0473

where Ty is the normal bolling point. Based on this cor
relation, the critical temperatures of the alloy constituents
are:

To(AG) « 5756 K




Te(Cd) = 1999 K

Te(In) = 4883 K

These estimates are at substantial odds with experimental
data. The estimate for the critical temperature of mercury
is 1190 K'which is very much different than the well estab-
lished value, 1753 + 20 K.

The above correlation was based on data for a variety of
molecules including N3, noble gases, and hydrogen. It is
difficult to believe that a simple empirical correlation
would be so robust that it would successfully treat both
metals and noble gases. Some experimental data for critical
tempera' ures of metals are shown in Table 3. These data for
metals can be correlated with the normal boiling point of
the metal by:

!n(Tc) = (1.6395 ¢ 0.336) + (0.8798 ¢ 0.0446)ln(Tb)

where the uncertainty in the estimate of n(T.) is given
by (80 percent confidence level):

2 1/2
34(ln(Tb) - 7.56) )

1976

6ln(Tc) = 10.2587(1 +

and the uncertainty in the estimate of the critical tempera-
ture is:

a(Tc) = tch(!n(Tc))

A plot is shown in Figure 1 of thiec correlation, the 80 per-
cent confidence bounds and the experimental data. Obviously,
this is not an especially useful correlation.

Rather high quality correlations can be developed from

data for metal with similar electronic structures. Thus,
data for the alkali metals, ccpper, silver, and gold yield:

ln(Tc) = (2.285 t 0.246) + (0.7795 ¢ 0.0Jll)!nTb

2)1/2

G[In(Tc)] = 0.075(1 B 0.022(!n(Tb) - 7.188)

»38=



Meta

Li
Na

Rb
Cs

Nb
Mo

Cu
Ag
Au
Zn
Cd
Hg
Pt
Pb
Re

Al

1

Table 3

Critical Temperatures of Metals

Boiling Point (K) Critical Temp.* (K)
1603 3223+
1165 2504
1033 2200, 2280
961 2111,2106
963 2056, 1933, 2020,
2053
3573 9880, 9620
5833 7990, 11150(¢c),
14300**
6203 11880, 14100**
2868 5390
2483 4307
3242 4870
1179 2% 0
1038 2480, 2291, 2665
630 1733, 1763, 1753
4803 69813(b)
1998 3970, 39%9
6173 9473(b)
4091 12434
2723 3597, 3947

* Most entries from Reference 17.

+

(b)
(c)

J.

uU.

Dillon et al., J. Chem. Phys. 44 (1966) 4229,

Seydel et al., High Temp-High Pressure 11 (1979) 63%.

Blairs, J. Inorg. Nucl. Chem. 29 (1977) 90%.

Seydel and W. Fucke, J. Phys. F 8 (1978) 4%7.

=16
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Data for Hg, Cd, and Zn yield:

ln(Tc) = 3.176 ¢ 0.485 + (0.6660 1 0.0718)ln(Tb)

2 1/2
b[ln(Tc)] = 0.071(1 + (7/0.495)(!n(Tb) - 6.749) )

Plots of these correlations are shown in Figures 2 and 3.
The quality of these correlations add some credence to the
experimental data for silver and cadmium.

Unfortunately, there are not enough data available to
construct a correlation for elements with electronic struc-
tures similar to that of In. The unpaired electron in the
4p orbital of In is similar in some respects to an unpaired
s electron. Consequently, the correlation of the data for
alkali metals, silver, copper, and gold are used to estimate
the critical temperature of indium:

To(In) = 4164 + 87 K

Had the correlation for Hg, Cd, and Zn been used, a value
within the above range would have been obtained. Other
estimates of the critical temperature of indium(17) pased
on *the law of corresponding states (6000 K), a hard sphere
solution model (5823 K), and the entropy of vaporization
(6680 K) are all much higher than the estimate here. These
other techniques also yield high estimates for the critical
temperatures of cadmium and silver.

Critical pressures of the elements Ag, In, and Cd have
not been measured. Very crude estimates of the critical

pressure can be made by extrapolating low temperature vapor
préssure data with the equation:

log P = -A/(T+B)

to the critical temperature. Results of the extrapolation
are shown in Table 4. Critical molar volumes found from the
Redlich-Kwong equation of s:ate:

PV \'J a

RT (V-b) RT3,2(V+b)

~-18-



Table 4

Critical Properties of the Elements and the
Parameters for the Redlich-Kwong Equation of State

%o o Ve 3 2
Element (K) (atms) (cm™) &
Ag 4200 200 470 0.2739
Ccd 2466 905 80 0.35%578
In 4174 190 480 0.2772

-19-
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where a = 0.4278 R2T.5/2/p,
b = 0.0867 RTo/Pg

are also shown in Table 4. The parameter Z, - P.V./RT. shown
in Table 4 is called the critical compressibility. Values
of dimensionless parameter Z, obtained for the elements of
interest here can be compared to those derived theoretically.
A van der Waals equation of state will yield a compressi

bility parameter of 0.37% which is remarkably close to that
found for cadmium. As will be discussed below, strong bond

ing interactions would not be expected among cadmium atoms
in the gas phase. Weak dimerization of the gaseous atoms
would be the result of van der Waals attractive forces.

Compressibility factors for silver and indium are sub

stantially less than that found for cadmium. Both silver
and indium have incomplete outer electron shells and enhanced
interaction among gaseous a*oms would be expected. Values

of the compressibilitly parameter are less than those found
for species with filled outer electron shells such as Xe, Ar,
CHq. and Ny which average 0.292.

From the critical data of the pure constituents, the
critical properties of the Ag-In-Cd alloy are found o be

™% . 4170 K

S
Vzlx = 460 cn3/nole
P:" - 220 atmospheres

From these results, it is apparent that for reactor safety
analyses the pressure dependence of condensed phase activity
coefficicnts can be neglected.

E. Activity Coefficients for Binary Constituent Alloys

The ternary Ag-In-Cd alloy is composed of three binary
constituent alloys--Ag/In, Ag/Cd, and Cd4/In. Data for the
activity coefficients in these binary constituent alloys are
collected in Appendix A. In the subsections below, these
data are reviewed and are used to find parameters for non-
ideal solution models.




1. The Cadmium/Silver System

The various data sets for the activity coefficient of
cadmium in 1liquid cadmium/silver alloys are plotted in

Figure 4 against the mole fraction of cadmium. The data
sets appear mutually consistent, so all the data were used
to estimate parametric values for the models. Results of

the nonlinear least squares fitting procedures are shown 'n
Table 5.

The two-parameter version of the Wilson equation fit the
data weil. A plot of the observed activity coefficients
against activity coefficients calculated with the Wilson
equation is shown in Figure 5. The "goodness of fit" param
eter, x2/(N-P), indicated a standard error in the esti-
mate obtained from the model at the mean values of the
temperature and mole fraction cadmium of 0.028. Thus, the
error in an estimate obtained from the two-parameter Wilson
equation is:

5 ¢ 2.39

2 2 172
37(T-1076) 37(x-0.59) >
6.85 x 10

/
8(Yay) - t0.036\1

This error is consistenl with the uncertainty ascribed to
the experimental data.

Rendering temperature dependent the parameters of the
Wilson equation did not significantly improve the fit of the
model to the data.

Kuo and Lang(1%) have apparently been able to fit
activity data for the cadmium/silver system with a sub
regular solution model. Results obtained in their work were
not available to the author. Here, too, it was found that
the activity data for cadmium in liquid cadmium/silver alloys
were well described by a subregular model. A plot of the
activities calculated with such a model against observed
activities is shown in Figure 6. The subregular model was,
however, not significantly better than the Wilson egquation.
Though rendering parameters in the subregular model tempera-
ture dependent did improve the fit of the model to the data,
the improvement was not significant.

2. The Cadmium/Indium System

There are four published data sets for the activity of
cadmium in liquid cadmium/indium alloys.(20-23)  rhese data
are plotted in Figure 7 against the mole fraction cadmium in
the alley. All the data sets zhow the activity of cadmium
approaches unity at high concentrations and 1s much greater
than unity in dilute alloys.

-



Table 5

Summary of Parametric Values for the
Cadmium/Silver System

I. Two-Parameter Wilson Equation:*

acq = -1133.83

apg = -2516.52
x2/(N-P) = 8.25%4 x 10-4
II. Four-Parameter Wilson Equation:
acq - -1853.40 + (0.7688 x 106)/T

apg - -2043.09 - (0.5047 x 106)/T

x2/(N-P) = 8.70 x 10-4

ITI. Two-Parameter Subregular Solution Model:

heqg = -3302.8
hag = -5673.9
x2/(N-P) - 8.08 x 10-4

IV. Four-Parameter Subreqular Solution Model:

heg = -3590.36 + (0.3202 x 106)/T
hag = -9979.69 + (4.9016 x 106)/T

x2/{N-P) = 7.8% x 10-14

* N = 17
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The data set prepared by Pozharskaya and Evseev(20) jg
different qualitatively as well as quantitatively than the
sets prepared by other authors. In this dita set the activ-
ity of cadmium passes through a minimum which is less than
unity at a composition of about 60 percent cadmium. All the
other data sets suggest that cadmium activity coefficients
are greater than one throughout the alloy composition range
and that the activity coefficients increase with decreasing
cadmium concentration.

Servis and Munir(23) have critiqued the data sets
obtained by Pozharskaya and Evseev and the data sets obtained
by Heumann and Predel.(21) petails of the thermochemistry
in the vicinity of 65 mole percent cadmium were their con-
cerns. Perhaps in response to these concerns Predel and
Berka(22) reexamined the cadmium/indium system.

The data sets by Pozharskaya and Evseev are discounted
here. This work was done at quite low temperatures (<%90 K).
It is entirely possible that at such low temperatures order-
ing present in the solid alloy phase is not totally over-
whelmed by thermal effects in the liquid phase. There then
would be radical variations in liquid properties as tempera
tures increase. Properties at low temperatures are not of
great interest here.

Attainment of equilibrium is also a concern at low tem-
peratures. Pozarskiya and Evseev do not provide in their
report persuasive evidence that they were working with an
equilibrated alloy.

Results of attempts to reconcile the remaining three
data sets by fitting models to the data are summarized in
Table 6.

The data set by Predel and Berka can be fitted by a two
parameter Wilson equation. Activities calculated with this
model are compared in Figure 8 to those observed by Predel
and Berka. The data set by Servis and Munir, too, can be
fitted by this model. The combination of these two data
sets and the combination with the data sets reported by
Heumann and Predel are not well described by the two.
parameter Wilson equation. As ehown by the comparison of
calculated and observed activity coefficients in Figure 9,
the discrepancies become large when the cadmium activity
coefficient 1is high. High cadmium activity coefficients
occur at low cadmium concentrations and low temperatures.

Making the parameters in the Wilson equation temperature
dependent does improve the fit of the model to the combined
data sets (see Figure 10). Standard errors fcr the fit are
larger than experimental errors attributed to the data.

. 29.



Table 6

Summary of Parametric values for the
Cadmiur/Indium System

Data Set N x2/(N-P) Parameters

(Two- Parameter Wilson Equation)

WP, PB, SM 136 6.351 x 10 a.y © 1506.06 a, © ~230.202
PB, SM 77 5.916 x 10 ° 8y © 1954.15 a,, * ~480.58
-3 . §
PB 68 0.447 x 10 aoq © 1602.92 a 182.519
(Two-Parameter Subregular Solution)
PB, SM 77 8.216 x 10 5 h_. =« 885.476 h. - 1279.83
cd In
(Four- Parameter Wilson Equation)
WP, PB, SM 136 3.591 x 10 ° a, < -3044.12 + (2.38121 x 10%) /1
a.y < 5443.07 - (3.26815 x 10%) /7
(Four-Parameter Wilson Equation)
PB, SM 77 0.492 x 102 8.y - 6232.68  (3.83628 x 10%)/7
a ;. = ~3823.49 4 (3.02715 x 10%) /7
(Four-Parameter Subregqular Solution)
-3

PB, SM 77  2.009 x 10 hcd = 1004.47 - (0.057266 x 10‘)/T

hy, = 3002.77 - (1.36955 x 10%) /7

HP = Heumann and Predel data reference?l
PB = Predel and Berka data reference??
SM = Servis and Munir data reference??
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Predel and Berka ceemed to prefer their data set to that
produced by Heumann and Predel which had been criticized by

gservis and Munir. When the Heumann and Predel data sel was
eliminated, the four parameter Wilson equation fit the data
very well, The fit was as good as the fits of the two

parameter Wilson egquation to the individual data sets (see
Figure 11).

Neither the two parameter nor the four parameter sub
tegular solution models showed uny capability to fit the
data in a way superior to the fits with the Wilson equation.

For further work here, the four parameter Wilson equation
parameterized by fitting to the data sets published by Servis
and Munir and by Predel and Berka is used. An estimate of
the uncertainty in activity coefficients calculated with this
model is given by:

2

1/2
. 2
8(Ypq) - t0.029(l T TR 3ZC!<!QLL~>

2 5.99 x 10°

3. The Indium/Silver System

The four published data sets for the activity coeffi.
cients in the indium/silver system(24-27) wyere used to
prepare the plot of the indium activity coefficient against
the mole fraction indium shown in Figure 12. All four data
sets show the same qualitative behavior. The activity co
efficient of indium is near one for mole fractions of indium
greater than about 0.7. The activity coefficient of indium
decreases sharply with decreacing mole fraction of indium
for indium mole fractions less than about 0.6,

pData sets by Nozaki et al.,(24) mMycielska et al., (27)
and by Predel and Schallner(26) yere obtained using electro
motive force measurements. The method employed by Predel
and Schallner was to derive activity coefficients for the
indium/silver system based on measurements in the ternary
indium/silver/zinc system. The data set reported by Alcock
et al. was obtained using mass spectroscopic techniques.

The four daia sets are not concordant. The data set by
Predel and Schallner can be excused because of the indirect
nature of the method employed to derive this data set.
Alcock et al. have suggested that the method employed by
Nozaki et al. is susceptible to errors caused by mass trans.
port. The curious excursion of the activity coefficients
through a broad maximum at an indium mole fraction of 0.85%-
0.5%% in the Nozaki et al. data set is at odds with the other
data sets.
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The data s ¢s obtained by Mycielska et al. and by Alcock
et al. are in good agreement at high concentrations of
indium. As the concentration of indium falls below 30 per-
cent the data set by Mycielska et al. deviates from that
obtained by Alcock et al. This may be a manifestation,
again, of the difficulties that arise with mass transport
during electromotive force measurements with liquid alloys.
The agreement between these two data sets at high indium
concentrations suggests that the activity coefficient of
indium is relatively insensitive to temperature.

Alcock et al. provide values of the indium activity
coefficient at 1300 K only. They also provide raw ion
current data in graphical form that can be used to derive
activity coefficients at 1466 K. These data, too, show the
activity coefficients to be insensitive to temperature.

Results of attempts to fit models to the various data
sets are shown in Table 7. Attempts to fit all four data
sets or even all data sets less that obtained by Predel and
Schallner yielded impossible parametric values. The combi
nation of the Alcock et al. and Mycielska et al. data sets
did yield an adequate parameterization of the two parameter
Wilson equation. The standard error for this fit is +0.05.

Inspection cf the fit to the Alcock et al. and Mycielska
et al. data sets shows that most of the lack of fit is caused
by low concentration data from the Mycielska et al. data
sets. When these low concentration data points are excluded
a much superier fit is obtained. The standard error for
this fit is +0.04 which is consistent with the uncertainty
in the experimental data.

The two- parameter Wilson equation parameterized with the
data from Alcock et al. and data from Mycielska et al. for
alloys with more than 40 percent indium is used for further
work here. A plot of the activity coefficients calculated
with this model against observed activity coefficients is
shown in Figure 13. The error of an estimate from this model
is given by:

2 2 1/2
25(1-1276)% | 25(x-0.53)° )

§(v,.) = t0.037(1 +
In 8.63 x 10° 1.722

The two parameter subregular solution mode' fits the
observed data significantly better than does the two-
parameter Wilson equation. Improvements also occiur by mak
ing the models temperature dependent, but these improvements
are noct significant,

. 37-



Table 7

Summary of larametric values for the
Indi m/Silver System

x2/(N-P) Parameters

{Two-Parameter Wilson Equation)

3 4 :
.303 x 10 a;, © 536.286 g 3182.68

».450 x 10 3 a. = 1267.87 a. = -3529.46
3 in Ag

.644 10 a&8n 1466 .00 aAq = -3498.28

(Two-Parameter Subreqular Solution)
h = ~2127.4 h = -6701.47
In Rg

h ~-1823.81 h = ~6605.18
In Ag

hln -1902.30 hAq = ~6561.47

(Four-Parameter Wilson Equation)

an ~2032.68 + (3.49679 x 106)/1

apg © 4822.01 + (2.3018 x 10%) /7

(Four- Parameter Subregular Solution)
hy, = ~4189.33 + (2.80368 x 10%) /7

hpg = “16074.8 ¢ (12.9651 x 10%) /7

* Data by Alcock et al. reference?®
= Data by Mycielska et al. reference?’
* Data for xgn > 0.4 by Myclelska et al. reference?’
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4. Summary of Activity Coefficient Models for the
Binary Constituent Alloys

The Wilson equation describes activity coefficients in
the binary constituent alleoys of the Ag-In-Cd system. The
parameters for the models of these binary alloys used for
continued work here are:

a(Cd,Ag) = -1133.83

a(Ag,Cd) = -2516.52

a(Cd,In) = 6232.68 - (3.83628 x 106)/7
a(ln,Cd) = -3823.49 + (3.02715 x 108)/T
a(in,Ag) = 1466.00

a(Ag,In) = -3498.28

Plots of these activity coefficients calculated with
these models are shown in Figures 14-16 as functions of the
alloy composition. The temperature dependence of the
cadmium activity coefficient in a cadmium/silver alloy with
a cadmium mole fraction of 0.06 is shown in Figure 17. The
activity coefficient of cadmium in a cadmium/indium alloy
with a cadmium mole fraction of 0.2%5 is shown as a function
of temperature in Figure 18. The activity coefficient of
indium in an indium/silver alloy with an indium mole fraction
of 0.19 is shown as a function of temperature in Figure 19.
The 80 percent confidence bounds on the estimated activity
coefficients are shown as dashed lines in all these figures.
Note how the bounds expand as the limits of the data base
supporting the model are approached and exceeded.

F. Results for Ternary Alloys

The models of the binary constituent alloys can be used
to construct a model of the ternary Ag-In-Cd alloy. This
model was used to construc: the plots of ternary activities
at 1000, 1300, and 1500 K shown in Figures 20-28. The iso.
activity curves are plotted on triangular coordinates typi.
cally used to describe a ternary system. The iso-activity
curves are at intervals of 0.1 activity units. Solid and
dashed lines are alternated for the purposes of clarity.

Activity coefficients of cadmium, indium, and silver in
a liquid alloy of 80 percent Ag, 15 percent In, and 5 percent
C4d are shown as functions of temperature in Figures 29-31,
respectively. The activity coefficients of all species are
less than one. That is, their activities are significantly
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Figure 20. Activity of Calmium in Ag In €4 Alloys at 1000 K
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Figure 21. Activity of Indium in Ag-In-Cd Alloys at 1000 K
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Figure 23. Activity of Cadmium in Ag-In-Cd Alloys at 1300 K
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Figure 25. Activity of Silver in Ag-In-Cd Alloys at 1300 K
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Figure 26. Activity of Cadmium in Ag In C4 Alloys at 1%00 K
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less than would be predic*ed if the condensed alloy were
treated as an ideal mixture. The activity coefficients rise
with temperature as would be expected. Silver acts, essen-
tially, in an ideal manner at temperatures in excess of
1500 K. Cadmium and indium, however, have depressed activi.
ties even at temperatures as high as 2500 K. These species
are predicted to behave nonideally at all temperatures that
are .ikely to arise during a reactor accident.

IT1. Vapor Species in the Ag-In-Cd System

In the subsections below the thermodynamic properties of
vapor species that might arise in the Ag-In-Cd system are
described. Atomic vapor species are, of course, known. Few
investigations have been conducted at pressures approaching
those of interest here. Consequently, data for polymeric
and mixed metal vapor species are not abundant. Attempts are
made to estimate properties for polymeric and mixed metal
species whenever suggestions of the existence of such species
could be found. There is, however, no reason to believe that
the list of species considered here is exhaustive. Results
of the calculations of thermodynamic properties described
here are collected in Appendix B.

A. Monomeric Species

The pertinent monomeric vapor phase species are the
gaseous atoms of Ag, Cd, and In and the ions of these
species. Free-enerqgy functions and other thermodynamic
quantities for these species were calculated from the
statistical mechanical equations listed below:

elec

Heat Capacity: Cp . Cp ¢ Cp

4.967913 cal/mole - K

where

2
C"'c - 1*1111!1[%L11 - (!Lll) ]cal/nolo - K

P 12 s(1) S(1)
N

8$(1) «» ¥ 9y expl(-1.43879 z‘/T]
i=1
N

8(2) « J 9131 exp(-1.43879 EIIT]
-1
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$(3) = I g, expl[ 1.43879 B /T
i=1
gy - multiplicity of the ith electronic state
E{ « energy of tne i'h electronic state

N « number of 2lectronic states.

Enthalpy Function: ([H,(T) - H (0))/T = n"F + nlec

tr

where h = 4,967913 cal/mole - K

h.l'c B 3*123111 gé%%)cal/lolo - K

Free Energy Function: -(6°(T) - M, (0))/T - 2% 4 2°1°¢

where 2'F . 6.863426 109, (M) + 11.439041 log, (T)
. 7.282868
2%1eC _ 4 575617 109,,(8(1)) cal/mole - K

M « molecular weight,

Entropy: #,(T) - x'F & x®1°¢

where x*F . 6.863426 10g,4(M) + 11.439043 log, (T)

-~ 2.314954 cal/mole - K

gtlec | z‘lgglxg‘g%ff)

+ 4.575617 log, (8(1)) cal/mole - K
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Electronic state data necessary for these calcul:iétions were

taken from the compilation in Reference 28,

Because of the

relatively high innization potentials for Ag, In, and Cd, it
was thought unnecessary to consider ione with charges greater

than +1.

No negative ions were considered.

Critically reviewed enthalpies of vagorizatton were taken
from the compilation by Hultgren et al:(29)

AHV(29l.lS K)

Element fcal/mole)
Ag 67,900 + 200
cqd 26,720 + 150
In 58,000 ¢+ 250

These enthalpies were used to compute the enth:lpies of for-
mations of the gaseous atoms at temperatures up to 3500 ¥
using the equation:

AH?“")(T) « AH,(298.15 K) + [H_(T) -

“o(z")ll(qas)

- [HO(T) - Ho(l’i)]“(t.f)

M(gas)
where AHg (T) = enthalpy of formation of the
atomic gas of element M at
temperature T

(HO(T) . Ho(ﬂl.u)]j « enthalpy function for specles |

l(“‘) « subscript denoting the element M
in its reference state,

The reference state used here s that defined in the JANAF

Tables, (30)

Free energies of formation were calculated froem:

AM(999) (1) . M(9A0) (g .,[,:(cm(,, _ ,:mn(,,]

Bls



where AG:(Q‘.)

. free energy of form:~ion of the atomic gas
of element M at tern_ erature T

sél)(T) . the absolute entropy of the it" species at
temperature T.

The enthalpies of formation of the singly charged lons
were calculated from

. *(9as) (29 H (0) - H(298
P - AW (298) « (M (0) - WYL, .

« [H (0) - H(298)) apMigas)
0 e f

where 1IP is the ionization potential of the element M,
| Values of the ionization potential, IP, were taken from
| Reference 28:

#* (gas)
% A, (298)
Element (cal/mole) (cal/mole)
Ag 173,918 241,420
cd 206,637 234,825
In 132,818 192,222

Thermodynamic properties for the electron, e, were taken
from Reference 10,

Enthalples and free energies of formation of the ions as
functions of temperature were calculated from:

AHM* (gas) (1) . ANM*(948) (298.15) « [H (T) - H (298))
t f o o M*(gan)

- 9 - . 9
+ (Ho(?) uotz l))._ (ﬂo(f) H(2 I)]-".‘)



Ac?‘(ql')(r) e AH?’(Q!O)(T)

‘ - f
r[ég (gas) (1) . 88°(T) sg(re )(T)]

B. Polymeric Gaseous Specics

Polymerization of gaseous atoms might be expected at the
relatively high pressures of interest in the analyses here.
Dimerization of silver, in particular, might be expected.
The ground state electronic configuration of atomic silver
has an unpaired Ss! electron. This is a configuration
similar to that of the atomic alkali metals. A significant
stabilization could be achieved in silver by pairing the Ss
electron by dimerization much as occurs in the alkali metals.

A qualitative molecular orbital dlagram for dimers of
metals with 5s and Sp electrons is shown in Figure 32. The
44 orbitals of all the elements of interest here are fully
occuplied. These orbitals are sufficlently separated from
the Sp and S5s orbitals that mixing chlctod in the figure is
very weak. For silver, Ozin et al.(31) egtimate that the
20 orbital of the dimer has 89 percent s character,
7 percent p charac.er, and only 4 percent 4 chartacter. From
the diagram it is obvious that substantial stabilization
accrues to silver by dimerization because of the lower
energy of the highest occupled orbital, 209, relative to
the atomic s orbital,

As the atomic number of the element increases, several
changes in the qualitative diagram should occur. First, the
addition electrons would have to be placed in orbitals higher
than the 204. This would necessarily destabilize the
dimer rolatlvz to the ailver dimer. This effect should be
most important for 24 since its outer shell as an atom is a
filled s orbital, The net astabilization brought on by
dimerization of cadmium would then be expected to be small,
Indium, with an unpaired p eleccron, would experience some
stabilization as a result of dimerization,

A second change in the molecular orbital diagram with
increasing atomic number is enhanced mixing among orbitals
which would produce greater stablilization of the bonding
orbitals. The 2w, orbital would be reduced in onccrr
while the 20, orbital would increase in energy. This
would faver, of course, dimerization,

The net wffect of the two changes with increasing atomic
number 1is hard to prediet without detailed caleulations.
Qualitative arguments suggest that some net force for dimeri.
zation of cadmium might be achlieved. Based on these types
of arguments it seems likely that dimerization may be most
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important for silver, somewhat less important for indium,
and very unimportant for cadmium. Similar arguments can be
formulated to predict the relative importance of higher order
polymers of gaseous atoms.

Thermodynamic data for polymers of the atoms have not
been published. Here the thermodynamic data for dimers are

calculated from the statistical mechanics expressions listed
below:

Translation and rotation:

c: . 6.955079 + 0.0914148(B/T)?
(H (T)-H_(0))/T ~ 6.955079 - 0.953038(B/T) - 0.0914148(B/T)°

(o] .
~(6%(T)-M_(0))/T « 6.863426 log, M + 11.439043 log, T
- 4.575617 log,  (Ba/T) + 0.953038(B/T)
+ 0.0457074(B/T)% - 8.005804

sé” « 6.863426 log(M) + 11.439043 log(T)

-~ 4.575617 log(Ba/T) 0.04%707‘('/?):
« 1.05072%

E

c: « 1.987165 u? exp(-u)/(1-exp(-u))?

(I,(T)-NO(O))IT * 1.987165% u exp(-u)/(1l-exp(-u))

(6°(T)-H_(0))/T « -4.575617 log(1-exp(-u))



8?1) = 1.987165u exp(-u)/(l-exp(-u))

- 4.575617 log(l-exp(-u))
where u = 1*1%!119(u.-2u.x.)

Electronic:

(H (T)-H (0))/T

0
-(G (T)-HO(O))/T 4.575617 ‘°°1o"1’

o 3*1%1111 . 1.575617

S

—‘ﬂ L’ﬂ

where o . symmetry number

N
8, = L

9 exp(-1.438790 nilT)
i

1

82 . lgl thi exp(-1.438790 B‘/T)

N
2
8, - 151 Eiql exp( 1.438790 !l,T)

109, 4(8))



Anharmonic Correction:

€@ - 1.987615 [1‘1‘1 ulexp(u) , ulexp(u)(2bexp(u)-4Xu-eX)

(exp(u)-~ 1) (exp(u)- 1)
3
+ lZl!.l!!LZ%l cal/mole - K
(exp(u)-1)

(H (T) - H (0)]/T = 1.987165 &1 “11!121!1-13
(exp(u)- 1)

axu2exp (u)
. 3
(exp(u)-1)

+

8y
=[G (T) - H (0))/T =« 1.917165[0 .

=4 1 3
(exp(u)-1) (exp(u)-1)

AX zlxllﬂl
8 (T) = 1.987165|28X b x
° [ u (exp(u)-1) (.,,(“)-1)3 (oxp(u)—l)3

where U = (Wg-2WgXe)1.438790/T

" ~ xl
We

5 = C./'.

Y = './..
Similar formulae are used for higher order polymers except
the anharmonic correction is neglected and additional vibra-
tional terms are included.

In the subsections below, the bases for selecting input
to these calculations are reviewed,

1. Silver Dimer- -Agy

There have been many ox?g{lncntal and theoretical studies
of the silver dimer, Agy. Most of the experimental
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studies have been of a spectroscopic nature. Matrix isola-
tion techniques have been extensively used. Results of the
matrix isolation studies must be viewed with caution. A
variety of evidence has been assembled to show that the lat.
tice o!s dllution gas can trap atoms at abnormal separa-
tions. The ordering of states in the silver dimer
does not lpPQ.t to be affected significantly by internuclear
separation. But, the guantitative natures of the
molecular vibrations and electronic transitions are sensi.
tive to separation.

The most useful spectroscopic work is that done in the
gas phase. zatlx worl at long wavelengths by Ruamps(33) ana
by Kleman et al. and later work at shorter wavelengths
by Brown and alntot(‘Z) seem the most useful. This spec
troscopic work is summarized in Table 8,

Vibrational fine structure on the electronic transitions
permit direct determination of the vibrational frequency of
the ground state and excited states, Wga. The anharmonice
correction, WgXe, can also be deterwined directly. The
vibrational frequency of the ground state found in the early
work, 192 em !, is widely accoptzd though one review quotes
207 em ! as a preferred value. The anharmonic cor-
rection to the ground state vibration quoted by Brown and

Ginter is that of Ruamps.(33) Kleman et al. give a value
of 0.643, (3

Internuclear separations are not found Adirectly by opti
cal spectroscopy. Brown and Ginter recommended a4 neparation
of 2.469 « 0,004 A® based on correlation of data for the Cuyp,
Agz, and Auz dimers with the expression RJW, - constant,
Rotational constants B, and ag were then obtatnod from
the expressions

1/2
3 ol 2.1
a, « 6(WXB) W R°W

-1 -1
a8y * (WX W,

The internuclear separation found by Rrown and Ginter g not
universally accepted., Drowert recommends 2.68 A®, (49) p
review recommends 2.% A*, (51) 1 ’oparation of 2.51% A* s
suggested by Huber and Herzberg. (50

The dissociation zzgx is recommondel by Drowert to
be 37.€ + 2.2 keal/mole. gho uncertainty range attached
to this recommendation spans the range of values suggested
by othars. Kleman et al. suggest ~42 keal/mole, (34)

LLE
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Table 8

Summary of Spectroscopic Data for Agz(gas)

Te

(em

0

1

22996,

158138,

37631,

19014,

40159,

$8271.

)

154,

151.

171,

168,

146,

165,

e e e e
0.5%8 0.0%12 0.0002
0.587
0.87

0.84 0.0%088 0.00013

0.00027

1.20 0.05098

1.58

'.”

Assignment
lt;
lt; . lt;
n, m
‘t; »
n,
n,



Theoretical investigations of Ag; have been attempted
using semiempirical techniques such as CNDO (complete
neglect of differential overlap) and extended Huckel
methods. These techniques seem unable to provide additional
insight on the molecule not avalilable directly from the
experimental deta More useful have been ab work by
Ozin et al. and by Sannigrahi and Dee. (15) The
ground state of Agy; is readily cnul?nod to be 1:?. The
first two excited states are ‘LY and 'l corresponding to
promotion of an electron from the 2o orbital to the 29,
and 2w, orbitals, respectively, in the qualitative molecular
o:blta? description presented above. The SCF-Xy,-SW methods
used by Ozin et al. satisfactorily predict the energies of
the excitations observed in experiments if the internuclear
separation is taken to be 2.84 A°. Altering the separation
to 2.47 A* does not radically affect predictions. The
methods used by Sannigrahi and Dee closely predict the
internuclear separation for Aujy. When applied to Ag;
these methods yleld a separation of 2.38 A®*. Unfortunately,
the predicted vibrational frequency is 517 em!  whieh
seems at complete odds with the experimentally observed
frequency. Ozin et al. predict a vibrational frequency of
187 + 2 em ). 1Inclusion of spin-orbit coupling and relativ.
istic effects apparently does not improve the cotrz:gondonco
between experiment and calculations in these areas.

The observed X+B and X+D transitions are thought to be
spin-forbidden transitions. Higher order excitations of Ag;
(the E and H systems) have boen assigned only tentatively,
Tuo.: transitions are not observed in matrix ‘isolation
studies.

ng gs-or Agz has been obnifvod by mass spectrome
tey. Drowart and Honig(? find that between 1260
and 1360 K the partial pressure ratio of dimer to IOhOIll ;l
between 5 x 10~ and 8 x 10° 4, Hilpert and Gingercien(®
report this ratio to be 23 x 10°4 at 1500 K. The sugges
tion b{ gearcy et al.{(79) cthat silver vapor 1is highly
polymerized between 1310-1420 K is contrary to the mass
spectrometer data and a varlety of more conventional experi
ences with silver.

The spectroscople data used to calculates froe energy
functions and thermodynamic data for Agy; are summarized in
Table 9. Note that the Hrown and 3intor internuclear
separation ot 2.469 A®* has been accortad for the calcula
tions. Distortion of the geometry in the electronically
excited states was ignored in these calculations.

2. Silver Trimer- - Agy

Spectroscopie(30-32, 42-45) ,n4 mass spectroscopie(®0)
data suggest that a nsilver trimer, Agy, exints, Raman
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Table 9

Summary of Data Used to Calculate the
Thermodynamic Properties of Agz(gas)

M = 215.740

fe = 2.469 A°

We = 192 cm-1
WeXe = 0.580 cm-1
Be = 0.0512 cm-1
ae = 0.0002 cm-1
Do - 37600 cal/mole
B1
0
22996.4
37631.6
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data using matrix isolation methods(55) suggest the molecule
is linear with a stretching vibration at 120.5 ecm 1. The
linear configuration is supported by CNDO calculations(56)
and statistical mechanical calculations.(50) Detailed
electronic data are not available. There appear to be
excitations at about 41,000 em-! and 22,000 cm 1.

Hilpert and Gingerich(50) have found a dissociation
energy for Agj:

Do(Aq3) = 60500 + 3000 cal/mole

This indicates a lower bonding strength in Agy than_ in Agj
which is also suggested by CNDO calculations. At
1500 K, the relative abundance of monomer silver and trimer
silver is found to be(50

Hilpert and Gingerich have attempted statistical mechanical
calculations of the free energy and enthalpy functions of
Agy at temperatures between 1400 and 2000 K.(50) A more
complete set of thermodynamic properties of Ag3 is presented
here. A difficulty in estimating these thermodynamics is
the treatment of the molecular vibrations. Since only a
single vibrational absorption is observed in the Raman spec-
trum, it is likely that the molecule is linear. (A linear
configuration would be expected on other grounds as well.)
Hilpert and Gingerich used a very simple model to estimate

the other two vibrational frequencies that have not been
observed.

Here a Urey-Bradley force field is assumed. The vibra-
tional frequencies are then found from:

2

W
.
U(K+2F) = N, = 0.50915(1000)

2
W
= = ——L)
3u(K) 12 0.58915(1000
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W 2
1 ( 3 )
6u(H-F") = Ay = 0.58915 1000

where n = 1/107.87
K = stretching force constant (mdyne/A°)
H = bending force constant (mdyne/A°)
F = repulsion force constant (mdyne/A°)
Fl - internal tension force constant (mdyne/A°)
Wj = ith yvibrational constant (em-1).
F and Fl are related, and the usual assumption that Fl =

-1/10 F is followed here. The assumption is made here as
was done by Hilpert and Gingerich that

H 1/10 K

"

Further, it was assumed that
F = K/3

The assumptions concerning the relacive magnitudes of H, K,
and F reflect a wide body of experience with the Urey-
Bradley fo-ce field. For the Species I; the symmetric
vibration is at 149 cm-l. Application of the Urey- Bradley
force field and the assumed relative magnitudes of the force
constants yields 171 and 76 cm-l for the asymmetric stretch
and bending vibrations. Measured values are 149 and 69 cm-1,
respectively. (75,

The symmetric vibration in Ag3, after correction for
anharmonicity, is taken to be 119.5 cm-1l. Then the force
constants are found to be:

K = 0.553 mdynes/A®°

F = 0.184 mdynes/A°
H = 0.055 mdynes/A®
F! = -0.018 mdynes/A°®
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Hilpert and Gingerich reported a force constant for
stretching of 0.916 mdynes/A°® based on the simpler force
field they used.

The vibrational frequencies of Ag3 found from the Urey-
Bradley force field are

W, - 119.5 cm-! (symmetric stretch)
Wy = 160 cm-1 (asymmetric stretch)
Wy = 83 cm- ! (bending-doubly degenerate)

Vibration frequencies save for that for the symmetric stretch
were not reported by Hilpert and Gingerich.

Data used for calculating the thermodynamic properties

of Ag3 are summarized in Table 10. All electronic states
for Ag3 w2re taken to be doublets. The ground state is
undoubtably 2L. Grinter et al.(74) present magnetic circu-

lar dichroism data suggesting that the excited state is a Z2[
split perhaps by spin-orbit coupling into the 2M3,, and 20,
components. This would not be inconsistent with assignments
made here.

3. Cadmium Dimer- Cdj

Evidence fer a cadmium dimer, Cdj comes primarily
from matrix isolaiion experiments.(54.57-61) Ault and
Andrews (57) report electronic transitions ascribed to Cd, at
36,000-36,600 cm~! and 47,800-49,000 cm-l. These transitions
seem consistent with the limited gas phase spectroscopy for
Cdp. Vibraticaal fine structure on the electronic transi-
tions had spacings of 90-110 em-l, Duley(59) found vibra-
tional spacings of 80 ¢+ 20. Given and Lowenschuss(5
report a Raman absorption for Cd, at 58 ¢+ 1 em-1 again
using matrix 1isolation techniques rather different than
those used by Ault and Andrews.

Freedhoff(60) and others(54.57.61) pave attempted to
assign the optical spectrum of Cdy, to the transitions:
1fg o 1L,
This is the assignment that would come about by adding two
electrons to the qualitative molecular orbital diagram

described above. However, as noted in the description, a
dimer formed by two ground state Cd atoms will achieve
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Table 10

Summary of Data Used to Calculate the
Thermodynamic Properties of Agj(gas)

M = 323.61

Dy = 60468 cal/mole

AH. >(298) = 263666 cal/mole

W, = 119.5 cm-1

Wy = 160 cm-1

Wy = 83 cm-! (doubly degenerate)
B = 0.0114

g = 2
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little net bonding. Recent theoretical calculations show
that there is no bonding minimum in the potential curve for
the Cd, state I!L;. 1Instead, the 3[; state formed from a
ground state atom, cda(ls), and an excited state atom,
ca(3P), 1is the lowest energy, stable state for Cdj.
This implies that the dissociation of Cd; would be by the
process

Ccd, » cd(ls) + cd(3p)

Ccd

Then, Do = AHf

1 3
2(0) - AHgd( s)(O) - AHgd( P)(O)

The Cd(3P) atom is about 22.7 kcal more energetic than a
ground state cadmium atom.

To calculate the rotational and vibrational constants,
it was assumed the potential function of Cd; was well
approximated by a Morse potential. Vibrational data by Given
and Lowenschuss were obtained using techniques to specifi-

cally guard against lattice atom effects. So the value of
W, was taken to be 58 cm- 1. Gaydon's value for D, was
accepted. The remaining parameters were found by solving

the equations:

<
(ae-wexe)

o QHeXe

_ 2.799096 x 10~°°
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where m is the mass of a cadmium atom. Results of the cal-
culations are shown in Table 11.

Theoretical calculations by Bender(62) were used to
determine the electronic states available to Cdj. Absolute
energies obtained from the theoretical calculations are not
likely to be reliable since they yield dissociation energies
of about 18 kcal/mole. But, relative energies, which are of
interest here, may be more accurate.

4. Cadmium Trimer--Cdj

Some specttosc%?ic data that are interpreted to be for
Cdy have appeared.(®l) 1n view of the low stability for Cd
and the absence of a defensible basis for preparing estimates
of the thermodynamic data, Cdy was ignored here.

5. 1Indium Dimer--1Inj

DeMaria__et al.(65) have reported an indium dimer, 1Inj.
H. Daidoji{71) nas apparently observed 1In, in flames. He
reports optical emissions at 36,100-33,222 cm-l, 28,188-
27,397 em-X, and 27,248-25,773 cm-1l. Assignment of the
bands has not been reported, but it seems likely the ground
state would be a 3M. The excited states were assumed
here %o be 1, 1¢, and lt. (DeMaria et al.(65) agsumed the
ground state to be lI though this would seem to violate some
of the empirical rules of electronic configurations.)
DeMaria et al. found from their mass spectroscopic data D, =
1.95 ¢+ 2.5 kcal/mole. They recommend We to 135 cm~l and the
equilibrium separation to be 3 A°. This equilibrium
separation seems rather long in view of the stability they
attribute to 1Inj. If these values are accepted, 2nd the
diatomic potential energy curve 1is assumed to a Morse
potential, then the other vibrational and rotation parameters
listed in Table 12 are found.

C. Mixed Metal Species

The hkistory of mixed metal vapor species has been some-
what checkered. For instance, a spectrum attributed to Cdln
was reported in 1928.(66)  Thig spectrum was later found to
be due to, of all things, Biy!(67) A gtudy of mixed Hg and
In vapors was purported to show the spectrum of HgIn(g).(72)
Later investigations suggest the spectrum was actually due
to CdIn(g)--the cadmium being an impuritv in the indium
source for the earlier work. (6

Data are scant for mixed metal vapor species. 1Investi-
gations of metal vapors are usually done, deliberately, at
low vapor concentrations. Mixed metal species would be
expected to make increasingly significant contributions to
the vapor with increasing concentrations. But such mixed
species may not be significant at low pressures.

. -



Table 11

Summary of Data Used to Calculate the
Thermodynamic Properties of Cdjp(gas)

M - 224.8
fe = 2.46 A°
We = 58 cem-!

WeXe = 1.10 cem-1
Be = 0.0492 cm-1
ae = 0.000935 cm-1

Dy = 2100 cal/mole

.
21 (cn'l)
6 0
3 888
2 1452
2 10731
1 11215
1 13232

-78-




I

=N W

Table 12

Summary of Data Used to Calculate the

Thermodynamic Properties of Inz(gas)

"

"

“

229.64

3 A°

135 em- 1
0.65 cm-1
€.02903 cm- !

0.00014 cm- 1

19500 + 2500 cal/mole

-79-



For the relatively high pressures of interest here, it
is prudent to look for mixed metal species. Data have been
found for three heteronuclear diatomic species. These data
are described in the subsecticns below.

1. cdin(g)

Santraw and Winans(68) have reported a spectrum for
CdIn(g). CdIn(g) like Cdz(g) cannot be formed from ground
state atoms. Consequently, the lowest lying stable state is
formed from an atom of In(2P) and an excited cd(3P) atom.
As would be expected, bonding forms two separate 2L states

from these atoms. Another pair of states, 20 and 2L, form
from the combination of Cd(3S| and In(?P). Observed transi-
tions at 18,008.8 and 17,126.7 em! are interpreted as
21 » 25(C) and 2£(D) e 2L(A; transitions. The lowest state

vibrational constants are found to be We = 167.5 cm-! and
WeXe = 0.70 cm- 1.

Drowert(49) cites a dissociation energy of 32 Kcal/
mole. A value of 28.4 Kcal/mole is found from the formula

2
e (ue-wexe)
o QWexe

Rotational cons’ ints calculated from

I
x
>

o e
Be We
1/2
6 3 2
% "W [(“exeae ) : Be]
e .
are ae = 0.000131
Be = 0.03126

The value of Bg implies a bond length of 3.08 A°.

Data used to calculate the thermodynamic properties of
Cdin(gas) are summarized in Table 13.
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Table 13

Summary of INata Used to Ca’ ate the
Thermodynanic Propertier cdin(gas)
N+ 227.22

fe = 3.08 A°

We = 167.5 cm-1
"eXe = 0.7 Cﬂ'l
Be = 0.03126
ae = 0.000131
Dy = 28400 cal/mole
g =1

(em™ Yy

4500
18010
21830

.y .



2. Agln

piron(69) nhas reported a spectrum for Aglin(g) formed
at 2000 K in an atmosphere of argon at a pcessure of 5 atmos-
pheres. An optical transition is observed at 32,471.4 cm- 1.
Assignments for this transition have not been made, but it
seems likely that the ground state is a 3[ and the excited
state is 1.

Vibrational analyses by Biron yield the parameters

W, - 155.22 em™ !

-1
che = 0.422 cm

Then, as was done for CdIn the other molecular parameters
are found to be:

Dy = 40570 cal/mole

o
o
L)

0.01885

de = 5.1 x 10-5

The Be value implies a rather long bond length.

Data used to calculate the thermodynamic properties of
AgIn(g) are shown in Table 14.

3. AgCd
An esr spectrum of AgCd has been obtained using matrix
isolation techniques.('2) Unfortunately, there does not

seem to be sufficient data to calculate thermodynamic prop-
erties for the species.

D. Summary of Free Energy of Formation Data

The free energies of formation of species of interest in
the Ag-1In-Cd system are summarized in Table 15. These free
energy of formation data are necessary for the vaporization
calculations that are described in the balance of this
report. For these calculations tabulated values of the free
energy of formation were not directly used. Rather, free
energy of formation values were calculated using the
enthalpies of formation and the free-energy functions:
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Table 14
Summary of Data Used to Calculate the
Thermodynamic Properties of AgIn(gas)
M = 222.69

We = 155.2

WeXe = 0.422

Be = 0.0188%
ae = 0.000051

Dy = 40600 cal/mole
o = 1

.83



Table 15

Summary of Free Energy of Formation Data (cal/mole)

T:?p Ag(c) In(c) cd(c) Ag(g) Agz Ag3 Ag+ In(q) Inz(q)
298 0 0 0 58,622 85,460 128,526 233,065 49,745 84,731
300 0 0 0 58,564 85,384 128,439 233,000 49,693 84,660
400 0 0 0 55,470 81,337 123,755 229,467 46,948 80,926
500 0 0 0 52,406 77,376 119,165 225,839 44,377 77,570
600 0 0 0 49,369 73,488 114,657 222,137 41,895 74,420
700 0 0 0 46,355 69,666 110,224 218,375% 39,438 71,351
800 0 0 0 43,205 65,580 105,379 214.407 36,999 68,354
900 0 0 0 40,397 62,190 101,562 210,716 34,572 65,414

1000 0 0 0 37,454 58,539 97,337 206,837 32,152 62,527

1100 0 0 1,382 34,530 54,935 93,172 202,929 29,738 59,687

1200 0 0 3,650 31,626 51,379 89,069 198,991 27,328 56,887

1300 0 0 5,901 28,891 48,167 85,470 195,184 24,922 54,124

1400 0 0 8,135 26,253 45,155 82,164 191,435 22,521 51,401

1500 0 0 10,354 23,637 42,192 78,922 187,672 20,124 48,709

1600 0 0 12,559 21,040 39,273 75,741 183,893 17,728 46,043

1700 0 0 14,752 18,463 36,396 72,619 180,105 15,338 43,405

1800 0 0 16,930 15,904 33,560 69,550 176,305 12,951 40,794

190n 0 0 19,096 13,361 30,763 66,537 172,497 10,570 38,208

20,90 0 0 21,252 10,834 27,999 63,569 168,677 8,192 35,643

2100 0 0 23,396 8,322 25,268 60,648 164,844 5,822 33,105

2200 0 0 25,531 5,825 22,569 57,773 161,003 3,453 30,581

2300 0 0 27,655% 3,343 19,904 54,947 157,157 1,090 28,079

2400 0 1,266 29,773 873 17,263 52,157 153,299 0 28,127

2500 1,584 3,620 32,680 0 17,823 54,167 151,019 0 30,363

2600 4,030 5,967 33,978 0 20,131 58,800 149,590 0 32,609

2700 6,464 8,310 36,069 0 22,442 63,438 148,140 0 34,860

2800 8,884 10,646 38,153 0 24,748 68,070 146,680 0 112

2900 11,297 12,981 40,227 0 27,063 72,719 145,201 0 39,377

3000 13,697 15,306 42,305 0 29,374 77,362 143,700 0 41,639

3100 16,089 17,625 44,352 0 31,690 81,654 142,182 0 43,904

3200 18,471 19,950 46,407 0 34,009 86,674 140,652 0 46,179

3300 20,840 22,262 48,452 0 36,327 91,338 139,104 0 48,450

3400 23,204 24,574 50,494 0 38,644 96,002 137,542 0 50,728

3500 25,560 26,876 52,528 0 40,969 100,685 135,968 0 53,004
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Temp
(K)

Table 15 (continued)

Summary of Free Energy of Formation Data (cal/nole)

+
In

298.15 182,891

300
400
500

600
700
800
900
1000

1100
1200
1360
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
2700
2800
2900
3000

3100
3200
3300
3400
3500

182,832
179,648
176,516

173,378
170,190
166,962
163,695
160,396

157,068
153,710
150,328
146,924
143.500

140,052
136,586
133,103
129,605
126,088

122,555
119,007
115,444
113,130
111,888

110,627
109,346
108,042
106,723
105,379

104,015
102,63?
101,225
99,803
98,357

cd(qg)

18,466
18,414
15,666
12,956

10,301
7,908
5,551
3,222
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Cd2

60,804
60,723
56,391
52,117

47,928
44,239
40,593
36,977
33,378

32,531
33,491
34,423
35,325
36,203

37,051
37,875
38,668
39,432
40,172

40,882
41,563
42,217
42,846
43,444

44,011
44,554
45,067
45,547
45,999

46,424
46,821
47,189
47,531
47,836

.

cat

224,672
224,609
221,146
217,597

214,002
210,585
207,134
203,649
200,130

197,953
196,644
195,297
193,910
192,438

191,030
189,545
188,030
186,486
184,918

183,322
181,702
180,063
178,402
176,719

175,012
173,295
171,554
169,797
168,020

166,226
164,421
162,597
160,764
158,910

Cdln

66,797
66,724
62,848
59,213

55,745
52,590
49,510
46,494
43,531

41,984
41,375
40,788
40,218
39,667

39,126
38,601
38,086
37,581
37,085

36,602
36,123
35,653
36,458
38,353

40,249
42,147
44,045
45,944
47,839

49,737
51,637
53,532
55,431
57,325

Agin

71,877
71,797
67,514
63,462

59,553
55,716
51,786
48,232
44,574

40,966
37,402
34,029
30,778
27,567

24,392
21,254
18,149
15,078
12,035

3,023
6,035
3,074
1,404
2,428

4,332
6,240
8,148
10,067
11,985

13,907
15,835
17,763
19,695
21,631
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> (298)] T

o
Oi(T) 2 —[?i(T) H

where ®i(T) is the temperature dependent free-energy
function of the ith species.

Free-energy function values were obtained from pulynomial
expressions which had been fit to tabulated values of the
free-energy functions:

2 3
Oi(T) -8, + a,x + a,X" 4 a,x" a‘!n(x)
g
$ S asxln(x)
where x = T/104.
The fitting was done by least-squares procedures. The

quality <{ the fit of the polynomial expression tc the
tabulated data for a given species was judged with the aid
of the reduced chi-squared statistic:

2 . 2
»’= I Qi(i) - 01(3) /(N-7)
j=1 tabulated calculated

where ®;(j) = free-energy function value for the ith
epecies at the jth temperature,

N = number of tabulated points used in the fit-
ting procedure, and

the subscripts "tabulated" and "calculated" denote free-
energy function values from the tables in Appendix B and
those calculated with the polynomial expression, respec-
tively. The square root of the reduced chi-squared statirtic
provides an estimate of the magnitude of the difference
between the tabulated and the calculated free-energy function
for a given species at a given temperature.

Coefficients derived by fitting tie polynomial
expression to the tabulated free-energy function values are
summarized in Table 16. Typically 34 tabulated points were
used to obtain the coefficient values. These tabulated
points were for temperatures of 298.15 K and at 100 K
between 3(9 K and 3500 K. The typical discrepancy between
tabulated and calculated free-energy functions is less than
1 x 103 cal/ mole - K.

<O~
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Coefficients for the Function Used to Fit

Table 16

the Free-Energy Functions

Species a, a, a, a, a, a, a, x AH&(29B)
Ag(s) 14.6307 -89.4764 280.220 ~332.17¢ 3.67575% 0.161345% -52.48%7 2.62)(10-8 0
Ag(l) 41.3038 109.137 -228.334 138.092 8.95869 0.195529 69.6458 1.12)(1()—5 2457
Ag(g) 54.0367 0.968621 ~-2.27304 1.40579 5.02399 0.148747 0.808334 1.04x10_7 67900
Agz(q) 82.2973 -1.76200 6.64896 -3.04850 8.53773 0.261183 -3.47901 2.2)(10'9 97679
lg}(g) 116.124 9.07643 -18.9140 6.8503 14.9912 0.44234) 5.37953 4.5:10-8 142655
Ag 52.5319 0.677194 -1.60050 1.12376 4.99089 0.148264 0.466268 6.9)(10'8 243420
In(s)

In(?) 33.3239 ~2.76830 5.40492 -3.87448 7.09354 0.211288 -0.881685 3.03:10'7 738
In(g) 47.9766 35.5547 -68.3592 54.2479 3.11990 0.112920 2.84931 2.15)(10-6 58000
Inz(q) 87.2059 0.317009 3.39847 -1.56370 8.73896 0.265003 -1.76528 1.07)(10'9 96047
In 51.1102 -2.49924 2.22860 9.53402 4.58929 0.143226 -3.89647 1.03x10'7 192222
Cd(s)

cd(?) 30.2508 -3.24552 9.06126 -4.73998 6.49351 0.20532% ~4.70013 8.0851&10-6 1415
cd(q) 52.7531 0.0971014 -0.175171 ~0.330780 5.0.438 0.149096 0.398796 1110-7 26720
cd. (g) 80.2550 -16.8988 71.8227 ~-33.476 6.78084 0.265983 -33.5417 5110-8 73824
Od; 53.1370 -3.12332 7.32125% ~4.46580 4.77716 0.145904 -2.6732% ‘7.6:(10_8 234825
AgIn{(g) 88.8147 -1.03858 4.64998 ~2. 15377 8.66701 0.263144 -2.40348 1.7110-9 84817
Cdin'g) 91.1926 9.88834 -12.7622 -0.0655975 9.71463 0.275768 10.0613 1.06x10_7 78528
e- 17.5774 0.340252 -0.703545 0.251687 4.99291 0.148365 0.337700 6.%:{10.8 0



An exception to the typical procedure was that used for
Ag(s). Only 11 tabulated points at temperatures of 298.15 K
and 100 K intervals between 300 K and 1200 K were used.

The highly parameterized form of the polynomial expres-
sion was chosen to aid interpolation of the tabulated data.
Because of this highly parameterized form, the expression
derived for the various species ought not be used to extrapo
late beyond the limits of data used to derive the coeffi-
cients in the polynomial. That is, no assurance can be given
about the adequacy of the polynomial expression for tempera-
tures greater than 2500 K or less than 298 K.

IV. Vapor Pressures

A. Vapor Pressures over Pure Elements

The sums of the partial pressures of metal-bearing
gases over silver, indium, and cadmium are piotted against
the absolute temperatures in Figures 33, 34, and 35, respec-
tively. 1In addition, in Table 17, the temperatures at which
specified vapor pressures are achieved over the pure ele-
ments are listed.

In Figures 36, 37, and 138, the relative contributions
of the various gaseous species to the vapor over the
elements are plotted against temperature., Partial pressures
of these species at various temperatures are shown in
Table 17.

Monomeric, neutral species are the dominant contri-
butors to the gas phase for all the elements at temperatures
less than 3000 K. The relative contributions of Ag; and
Agy to the vapor over pure silver are in excellent agree-
ment(3%5) with measurements made by Drowert and Honig at
1260-1360 K and by Hilpert and Gingerrich at 1500 k(52),

Though the contributions of the polymeric species are
not especially large, they are sufficient to change the
normal boiling pointe of the liquid elements from values
estimated based on assuming only monatomic species in the
vapor:

Normal

Boiling Point
Element (K)
Silver 2429.18
Indium 2345 .54
Cadmium 1039.66

The change in the normal boiling point of silver is notice-
able. Changes for indium and cadmium are not large enough
for concern.



Temperature
(K)

Silver
2980

2429
2055
1783

1576

Indium
2912
2346
1966
1693

1488

1763
1303
1040
868
746

655

Table 17

Total Vapor Pressure and Species Partial

Pressures Over Pure Elements
at Various Temperatures

Specles
Total Pressure Partial Pressures (agms)
(atms) M(g) Hz(q) M (g)

10 9.34 0.66 2x107%
1 0.967 0.033 1x10°7
0.1 0.985 2x1073 1x10°9
0.01 0.0099 7v1a-5 1x10-11
0.001 1x10-3 3x10°6 2x10713

10 9.90 0.104 3x10°4
1 0.997 ax10-3 5x10°6
0.1 0.100 9x10°5 8x10~8
0.01 0.010 2x1076 2x10°9
0.001 1x10°3 6x10°8 3x10- 11

100 99.8 0.174 2x10° 11

10 10.0 2x1074 1x10°16
1 1.0 1x10°7 1x10-21
0.1 0.1 2x10°10 2%10- 26
0.01 0.01 ax10-13 2x10-31
0.001 1x10°3 5x10° 16 ax10-36

.
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Figure 33, Sum of the Partial Pressures of Silver-Bearing

Species Over Pure Silver
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Figure 34. Sum of the Partial Pressures of Indium Bearing
Species Over Pure Liquid Indium
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Figure 35. Sum of the Partial Pressures of Cadmium Bearing

Species Over Pure Liquid Cadmium
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Indium ion is the most stable of the three ions con-
sidered here. ®ven so, its contribution to the vapor over

pure indium is less than 10-3 percent even at temperatures
up to 3400 K.

The cadmium dimer is predicted in these calculations to
become the dominant contributor to the vapor phase over
liquid cadmium at about 3200 K. This temperature is, how-
ever, above the critical point of cadmium. Calculations at
such elevated temperatures for cadmium are not reliable
since liquid cadmium does not exist at these temperatures.

B. Vapor Pressures Over Binary Alloys

Several additional considerations arise in the treatment
of vaporization of binary alloys:

1. Activities of the condensed phase constituents must
be recognized;

2. Mixed-metal vapor phase species must be considered;

3. Electroneutrality of the gas phase needs to be
included in the equation set; and

4. Azeotropes may arise in the vapor/condensed phase
equilibrium.

Here, two models of condensed phase activities are pursued-
the ideal solution model a2rd a nonideal solution model based
on the Wilson equation. An important objective of the
analyses is to ascertain the differences in the predicted
vaporization characteristics derived using these two models.

Mixed-metal vapor species such as CdIn(g) and AglIn(g) are
readily introduced into the equation sets to be solved for
predicting vaporization. To soive for ionic species
requires a mass balance equation:

Apg+ * Pyp+ * Bag+ * Mg-

where ny = moles of the species i in the gas phase.

Introduction of this equation makes necessary iterative
solution of the equation set. Some care is necessary in
programming such an iterative solution. The contribution of
ionic species to the gas phase is small. Incautious itera.
tive solution schemes can be oscillatory and nonconvergent.
Underrelaxation usually cures this difficulty.
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An azeotropic composition is one in which the bulk com-
position of the vapor and the condensed phases are the same.
For this to happen, there must be some nonideality in either

the gas or the corndensed phases. “"Nonideality" in the vapor
phase is introduced effectively by the formation of poly-
meric and mixed metal vapor species. But, this effective

nonideality is of less interest than true nunideal behavior
created by interactions in the condensed phase.

A necessary condition for an azeotrope to arise is that
there be some combination of temperatures and condensed
phase compositions for which the ratio of constituent activ.
ity coetficients _juals the ratio of pure species vapor
pressures. In view of the very high volatility of cadmium
relative to either silver or indium, azeotropes are not
likely to be important for binary alloys involving cadmium.
Silver/indium alloys, on the other hand, are very likely to
be susceptible to azeotrope formation.

B-1. Vapor Pressures Over Silver/Indium Alloys

The phase diagram for the silver/indium system at one
atmosphere is shown in Figure 39. The solid lines in this
figure were calculated considering nonideality of the liquid
phase. The dashed lines are the result of calculations in
which the condensed phase was considered to be an ideal
mixture.

Both the ide2al and the nonideal phase diagrams exhibit
an azeotrcpe. The azeotrope is, however, quite different in
the two diagrams. The ideal mixture assumption produces a
low-boilin; azeotrope at high indium concentrations (the
azeotrope location at one atmosphere is Xin = 0.775,
T = 2339 K). This azeotrope is strictly the result of con-
sidering mi«ed metal and polymeric species in the gas phase.
Recognizing nonideality of the condensed phase leads to the
prediction cf a high-boiling azeotrope at low indium con-
centrations (the azeotrope location at one atmosphere is
Xip = 0.110, T = 2434.4 K). Both the nonideality of the
condensed phase and consideration of mixed-metal and poly-
meric species in the gas phase have produced this azeotrope.

The importance of the mixed-metal vapor species Agln(g)
to phase relations in the silver-indium system is shown by
the phase diagrams in Figure 40. These phase diagrams were
predicted in calculations which neglecred the mixed metal
species. Calculations based on assuming the condensed phase
is ideal show no azeotrope. The lenticular miscibility gap
is only modestly distorted by other polymeric species.
Rerognizing nonideality of the condensed phase, but neglect-
ing AgIn(g)., produces an azeotrope shifted to higher tem-
peratures and higher indium concentrations.
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Condensed/Vapor Phase Equilibrium for the System
Indium/Silver at One Atmosphere. Solid 1lines
are for a nonideal condensed phase and the
dashed lines are for an ideal condensed phase.
Both calculations 1include mixed-metal vapor
species.
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Figure 40. Condensed/Vapor Phase Equilibrium for the
Indium/Silver System When Mixed Metal Vapor
Species Are 1lgnored. Solid lines are for a non
ideal condensed phase and dashed lines are for
an ideal condensed phase.




The discussions in Section 3 of this document show that
the thermodynamic stability of AgIn(g) is quite uncertain.
Variations of the thermodynamic properties of AgIn(g) has
some effect on the predicted location of the azeotrope.
Such variations do not have as strong an effect as varia
tions in the treatment of the condensed phase.

The calculated phase diagrams of the silver-indium
system shown in Figure 41 were obtained by varying the
activity coefficients of silver and indium by about 10 per-
cent from their nominal values. The azeotrope location is,
obviously, quite sensitive to the activity coefficients of
the condensed phase constituents. Significant uncertainties
must be ascribed to the activity coefficients developed
here. The predictions involve extrapolation of the avail-
able data base by almost 1000 K. Consequently, details of
the azeotrope location described here must be considered
uncertain.

The effects o. temperature on the location of the azeo-
trope in the silver-indium system are shown in Figure 42.
The location of the azeotrope as a function of temperature
defines the so-called "azeotropic 1line." Azeotropic pres-
sure varies with temperature as would be predicted by a
classic Clausius-Claperon expression:

in Pp = -Hp/grT + B

where Pp = azeotropic pressure (atms)
Hp = enthalpy of azeotropic vaporization
= 62,790 + 86 cal/mole
R = gas constant = 1.987 cal/mole
T = absolute temperature (K)
B = 13.0024 + 0.0267.

As might be expected, the enthalpy of vaporization at
the azeotropic composition 1is somewhat larger than the
enthalpy of vaporization of either pure silver or pure
indium.

The temperature-dependence of the compositional coordi-
nate of the azeotropic line is not so simple as is that of
the pressure coordinate. The compositional coordinate is
very dependent on the relative contribution of AglIn(g) to
the vapor phase. Speciation of the vapor phase along the
azeotropic line is shown in Figure 43. The contribution of
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Figure 43. Speciation of the Vapor Along the Azeotropic Line
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AgIn(g) to the vapor is shown in this figure to increase
significantly as temperatures rise.

The vaporization of indium/silver alloys is influenced
by the treatment of the condensed phase. Shown in Figure 44
is the composition of the vapor phase over a vaporizing
alloy initially consisting of 84.21 mole percent Ag and
15.79 mole percent In. When the condensed phase is treated
as ideal, silver-bearing and indium-bearing vapor species
make nearly equivalent contributions to the vapor. Thus, as
evaporation progresses, indium is preferentially removed.
The relative amcunt »f silver in the vapor then increases
continuously as evaporation progresses. Near completion of
the evaporation, the vapor phase 1is composed almost
completely of silver-bearing species.

When nonideality of the condensed phase is recognized,
the evaporation proceeds in a quite different fashion. The
evolution in the vapor and the condensed phase compositions
is toward the azeotropic composition which at 1500 K is
about 13.9 mole percent In. The relative contributions of
indium and silver to the vapor vary little then as the evap-
oration progresses.

B-2. Vapor Pressures Over Silver/Cadmium Alloys

The phase diagram of the silver/cadmium system at one
atmosphere pressure is shown in Figure 45. The solid lines
in this figure were calculated recognizing nonideality of
the condensed phase. The dashed 1lines were calculated
assuming the condensed phase was an ideal mixture.

The only remarkable feature of the phase diagram is the
width of the vapor-liquid gap. Clearly, vaporization of
silver/cadmium alloys at one atmosphere takes place by pref-
erential removal of cadmium until the cadmium concentration
has fallen to quite smal! levels (< mole percent Cd). Treat-
ment of the condensed phase as ideal or nonideal affects the
phase diagram little. The vapor boundary for ideal and non-
ideal treatments of the condensed phase coincide in the
figure. The 1liquid boundary shows some small differences
depending on the treatment of the condensed phase.

The vapor over most of the alloy composition range is
made up of cadmiuvm vapor species in proportions similar to
those over pure cadmium.

B-3. Vapor Pressures Over Indium/Cadmium Alloys

The phase diagram of the indium/cadmium system at one
atmosphere pressure is shown in Figure 46. The solid lines
in this figure were calculated recognizing nonideality of
the condensed phase. The dashed 1lines were calculated
assuming the condensed phase was an ideal mixture.
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Figure 44. Variations in the Elemental Composition of the
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condensed phase is treated as an ideal mixture.
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Figure 45. Condensed/Vapor Phase Equilibrium for Liquid
Silver/Cadmium Alloys at One Atmosphere
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Condensed/Vapor Phase Equilibrium for Liquid
Indium/Cadmium Alloys at One Atmosphere. The
solid lines in the figure were calculated recog-
nizing nonideality of the condensed phase. The
dashed lines are the result of calculations in
which the condensed phase was treated as an
ideal mixture.
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The phase diagram for the indium/cadmium system is sim
ilar to that of the silver/cadmium system. The treatment of
the condensed phase as ideal or nonideal little affects the
phase diagram. The vapor boundary shown in the figure is
nearly the same for both treatments. The vapors for most of
the composition range are composed primarily of cadmium

species. The mixed-metal species, CdIn(g), makes little
contribution to the vapor.
C. Vapor Pressures Over Ternary Alloys

The vaporization of ternary Ag-In-Cd alloys is dominated
by the vapor pressure of cadmium for all compositions except
those very near the indium/silver binary. A plot of the
phase boundaries at one atmosphere for liquid alloys com-
posed of cadmium and an indium/silver mixture of the one
atmosphere azeotropic composition (about 11 percent 1In and
89 percent Ag) is shown in Figure 47. This similarity of
these phase boundaries and those for silver/cadmium
(Figure 45) and indium/cadmium (Figure 46) should be noted.
Cadmium species dominate the vapor until the cadmium content
of the condensed phase falls to levels of less than
1 percent.

The azeotropic disturbance in the indium/silver system
does not propagate far into the ternary system. A plot of
isotherms for one atmosphere total pressure in the vicinity
of the azeotrope is shown in Figure 48, As the cadmium con-
tent increases beyond about one part in ten thousand, the
effects of the azeotropic interactions in the indium/silver
system become almost undetectable and temperatures necessary
to sustain one atmosphere total vapor pressure fall quite
rapidly.

Isotherms at 100 K intervals for the ternary system at
one atmosphere pressure are shown in Figures 49 and 50. The
classic triangular coordinate systems for ternary systems
are used in these figures. 1In Figure 49 the isotherms are
plotted against the compositions of the condensed system.
In Figure 50 the isotherms are plotted against the composi-
tions of the vapor phase. The figures show that the temper-
atures necessary to maintain one atmosphere total vapor
pressure rise sharply once cadmium has largely been depleted
from the condensed phase. Also, the jas phase is predomi-
nantly cadmium until the cadmium content of the condensed
phase has been reduced to levels less than 1 mole percent,

The discussion of ternary alloys below reempnasizes
alloys having the initial composition of control rods--about
80 percent Ag, 15 percent In, and 5 percent Cd, The total
vapor pressures over such an alloy are shown as a function
of temperature in Figure 51. The solid lines in this figure
were calculated recognizing the nonideality of the condensed
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Figure 47. Condensed/Vapor Phase Boundaries at One

Atmosphere for Alloys Composed of Cadmium and an
Indium/Silver Alloy of the Azeotropic Composi

tion. (The boundaries were calculated recog-
nizing nonideality of the condensed phase.)
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Figure 49. One Atmosphere Isotherms at 100 K Intervals

Between 1100 K and 2200 K Plotted Against the
Condensed Phase Composition for the Ag-1n-Cd
System
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Figure 50. One Atmosphere Isotherms at 100 K Intervals
Between 2400 K and 1700 K Plotted Against the
Vapor Phase Composition for the Ag-In-Cd System
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Temperature. The solid 1lines were calculated
recognizing nonideality of the condensed phase.
The dashed lines were calculated assuming the
condensed phase was an ideal mixture.
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phase. Vapor pressures found by assuming the condensed
phase was an ideal mixture are shown by the dashed line.
Nonideality of the condensed phase depresses the calculated
vapor pressure.

Speciation of the vapor over an 80 percent Ag, 15 per-
cent In, 5 percent Cd alloy with the nonideal and the ideal
condensed phase approximations are shown in Figures 52 and
53, respectively. The relative contributions of the various
species are little affected by the assumptions concerning
the condensed phase. The vapor for both cas:s is predomi-
nantly cadmium. Monatomic Ag(g) and In(g) are the next most
abundant species in the vapor. The dimeric species Cdj(g)
becomes important at very high temperatures. The species
Cdin(g) is a relatively unimportant vapor constituent.

The variations in the elemental composition of vapors as
an alloy with initially 80 percent Ag, 15 percert In, and
5 percent Cd vaporizes at 1500 K are shown in Figures 54 and
5. The first of these figures was calculated by treating
the alloy as an ideal mixture. The second figure shows
results of calculations recognizing the nonideality of the
condensed phase.

Qualitatively similar behavior is shown in both figures.
Initially the vapor is predominantly cadmium. Over a very
narrow range the contribution of the cadmium falls. The
vapor is then a mixture of silver and indium. Recognizing
nonideality of the condensed phase slightly spreads the
range over which cadmium content of the vapor falls. Recog-
nizing nonideality of the condensed phase greatly reduces
the relative contribution of indium to the vapor after cad-
mium has been expelled from the alloy. When the condensed
phase is treated as ideal, indium constitutes about 38 per-
cent of the vapor over the cadmium free residue. When non-
ideality is recognized indium makes up only 18 percent of
the vapor.

It is also useful to consider vaporization under condi-
tions in which adequate heat transfer is available to main-
tain the system at one atmosphere total vapor pressure. The
variations of the condensed phase compositions and condensed
phase temperature for evaporation of an alloy under these
conditions are shown in Figures 56 and %7. Results shown in
Figure 56 were calculated recognizing nonideality of the
condensed phase. Results in Figure 57 were calculated
assuming the condensed phase to be an ideal mixture. Shown
in both figures 1{is the alloy temperature necessary to
sustain a total vapor pressure of one atmosphere.

Vaporization at constant pressure is qualitatively simi-

lar to vaporization at constant temperature. That is, cad-
mium is preferentially lost. The preference for cadmium
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Figure 53.

Speciation of the Vapor Over a Liquid Alloy of
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Function of Temperature
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release is somewhat less when nonideality of the condensed
phase {is recognized. Also, the preference for cadmium
vaporization is less under constant pressure evaporation
than under conditions of constant temperature.

As cadmium is largely lost from the alloy, silver- and
indium-bearing species begin to make increasing contribu
tions to the vapor. The relative contributions of silver
and indium to the vapor depend critically on the treatment
of the condensed phase. When the condensed phase is assumed
ideal, the vapor is predicted to be richer in indium than
when nonideality of the condensed phase is included in the
prediction. The differences in predictions with ideal and
nonideal treatments of the condensed phase are not as pro
nounced in the case of constant pressure evaporation as they
are in the case of constant temperature evaporation.

The most notable feature of Figures %6 and 57 is the
sharp rise in temperature rocessary to maintain a constant
vapor pressure., This temperature rine is possible only if
there is adequate heat transfer to the vaporizing alloy.
Thermal analysis of the vaporization process would have to
recognize the sharp variation in the enthalpy of vaporiza.
tion as the alloy composition chaages.

V. Application te Control Rod Behavior in a Reactor Accident

This analysis of the vaporization of silver indium.
cadmium alloys is concluded by considering the behavior of
conttol rod materials in a reactor accident., Two distinect
phases of the behavior can be \identified. First is the
internal pressurization of the control rod as the rod is
heated during the thermal excursion of the core. As noted
in the introduction, when the ambient pressure is about one
atmosphere, internal pressurization of a heated control rod
can cause the rod to violently rupture and expel the ligui-
fied control rod alloy. The second phase of behavior is the
vaporization of control rod materials once the stainless
steel sheath is perforated.

A. Internal Pressucization

Control rods are back filled typically with helium gas.
For the estimation of internal pressures. it is assumed here
that helium pressure in the rod at room temperature is one
atmosphere, Pressurization is calculated assuming that the
vapor phase is an ideal gas. Also, changes in the vapor
volume caused by thermal expansion of the rod sheath and the
alloy have been neglected.

Pressures that develop within the control rod are shown

an functions of temperature in Figure 8. Both the total
pressure and the contribution of metal bearing vapors to the
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total are shown in this figure. Solid lines were calculated
recognizing nonideality of the condensed phase. The dashed
lines denote results obtained when the condensed phase was
considered to be an ideal mixture.

The internal pressure of the rods is shown in Figure 58
to be due predominantly to the fill gas. Significant con-
tributions to the pressure from alloy vaporization occur
only after temperatures in excess of about 1300 K are
reached. The substantially lower vapor pressures predicted
when nonideality of the condensed phase is considered are
readily apparent in this figure.

Breaching of the control rod is clearly dependent on the
ambient pressure and the pressurization of the fill gas.
When the fill gas is initially present at a pressure of one
atmosphere as it was considered in preparing Figure 58,
ambient pressures in excess of 15 atmospheres will assure
sheath breaching is by somc mechanism such as sheath melting
rather than internal pressurization. That is, the explosive
eruption and expulsion of vapor and liquid observed in lab-
oratory experiments are phenomena that occur only at low

ambient pressures, In reactor accidents with elevated
reactor coolant system pressures such violent control rod
failure would not occur. In fact, the sheath may actually

collapse onto the liquid alloy at elevated pressure. The
vapor volume would be reduced until internal and external
pressures were equalized. Again, upon breach of the sheath,
no explosive eruption wou.d be expected.

B. Vaporization of the Control Rod Alloy From a
Breached Rod

Regardless of how the sheath is breached, the subsequent
vaporization of the control rod alloy will depend on the
ambient pressure. The ambient atmosphere of the control rod
is a mixture of steam and hydrogen. These gases could react
with the control rod material and affect its volatility.
Such reactive vaporization is not considered here, but will
be the subject of a tutur2 communication. The focus here is
on the vaporization of the alloy in the absence of any sig-
nificant chemical processes involving the ambient atmosphere.

At low amblient preresures it is possible for cadmium to
nucleate bubbles and to "boil" vigorously. Inspection of
the vapor pressures calculated in previous sections of this
report shows that the alloy temperatures must be in excess
of 1400 K at an ambient pressure of one atmosphere for
“boiling"” to take place. As the ambient pressure increases,
80 too does the temperature necessary for "bolling." At an
ambient pressure of 10 atmospheres, temperatures in excess
of the steel 1liquidus would be necessary. Thus, boiling
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will occur only in a few types of reactor accidents. As
shown by the variations in compositions and temperatures in
Figures 56 and 57, the preferential removal of cadmium means
temperatures necessary to sustain "boiling" will increase as
alloy evaporates. The temperature rise necessary to sustain
boiling is particularly sharp after about 5 percent of the
alloy has vaporized.

1f boiling is initiated, liquid alloy can be entrained
and expelled into the reactor core atmosphere. This
entrained material might be present as aerosol-sized par-
ticles which would be carried out of the core region by the
prevailing flow of gas. Such aerosol produced by entrain-
ment have been observed by Mitchell et, al.? The entrained
material may be macroscopic in size. 1In this case it would
deposit or impact on clad fuel rods. Alloying between the
clad and the liquid control rod material has been shown to
produce a low melting temperature material. Whether or not
this occurs will depend on the extent of oxidation of clad
surface contacted by the control rod material.

As ambient pressures increase, vigorous "boiling" of the
control t(od material wil! not occur. Instead, more benign
vaporization will be the cause of cadmium release. The
relatively high vapor pressures of cadmium over liquid
control rod alloys assures that there will be an adequate
driving force for vaporization. The actual rate of
vaporization will be controlled by other factors such as

mass transport of the vapors away from the condensed phase
surface.

Whether "boiling" occurs or not, cadmium will be quickly
depleted from the alloy. The residual condensed phase com-
posed of silver and indium is much less volatile than the
original alloy. As the evaporation of this residual mat-
erial progresses, its composition will evolve toward that of
the azeotrope. Temperatures in excess of 2434 K would have
to be achieved before the vapor pressure of the azeotrope
reached one atmosphere. At such elevated temperatures the
stainless steel sheath and perhaps much of the core would
have melted. Consequently, there would be many opportuni-
ties for the residual alloy of silver and indium to flow
into cooler regions of the reactor core.

The high enthalpy of vaporizacion of silver-indium
alloys raises the possibility that the rate of vaporization
will be controlled by the rate of heat transfer to the
alloy. Since high temperatures are necessary to produce
high vaporization rates for silver-indium alloys, heat

transfer to the alloy by either radiation or convection
would not be very efficient.
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It seems probable, then, that during a reactor accident
copious release of cadmium is entirely possible. The cad-
mium vapors could condense once they have escaped the reac-
tor core region to form aerosols or deposits on structures.
Any aerosols that are formed would have an effect on the
transport of radionuclides through the reactor coolant
system.

Extensive aerosol generation by silver and indium con-
stituents of the control rod alloy is less likely. Entrain-
ment of this material by "boiling" of cadmium or the sudden
expulsion of gas at the time the control breaches are pro-
cesses that can take place only when the ambient pressures
are low. Evaporation of cadmium does not involve extensive
simultaneous evaporation of silver and indium. Once cadmium
is exhausted from the alloy, the residue has a much lower
volatility. High vapor pressures develop over this residue
only at temperatures so high extensive core melting has
begun.

Vi. Conclusions

Existing data on the thermodynamics of condensed and
vapor phase siiver, indium, and cadmium have been used. to
formulate a model of the vaporization of control rod alloys
during reactor accidents. From this model, the following
conclusions have been reached:

1. Liquid silver-indium-cadmium alloys are not 1ideal
mixtures. The deviations from ideality are
described here in terms of a ternary Wilson equation
model developed from data for constituent binary
systems.

2. Vaporization of cadmium from silver-indium-cadmium
alloys is affected by the nonideality of the con-
densed phase. The cffect is, however, not espe-
cially large. Vapor pressures of cadmium predicted
assuming the condensed phase is ideal will be some.
what larger than vapor pressures calculated when
noaideality of the condensed phase is racognized.
Qualitative featuree of the vaporization of the
alloy until cadmium {is nearly exhausted are not
greatly affected by the details of the treatment of
the condensed phase.

3. Vaporization of esilver-indium alloys is strongly
affected by the nonideality of the condensed phase.
Also, the vapor pressures are strongly affected by
the presence of the mixed-metal vapor species
Agin(g.) An azeotrope is predicted to exist in the
silver-indium system. The precise location of the
azeotrope is uncertain because of uncertainties in
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the activity coefficients of silver and indium in
the condensed phase and the stability of AgIn in the
gas pnase.

Neglecting nonideality of the condensed Ag-In alloy
will yield excessively high vapor pressures and
vapor compositions much too enriched in indium.

Explosive rupture of heated control rods observed in
laboratory experiments is a phenomenon coniined to
low ambient pressures. Vapor pressures of the alloy
at temperatures less than the liquidus of stainless
steel are insufficient to rupture the rods when the
ambient pressure exceeds about 15 atmospheres. Fill
gas pressures will be more important in determining
whether or not a rod overpressurizes and ruptures
during an accident.

Violent boiling of control rod alloys and entrain-
ment of liquid alloys is also a phenomenon confined
to low ambient pressures. At elevated pressures
expected to exist in the core region during most
reactor ac :*idents, vaporization of the control rod
alloy will be a more benign process. The rate of
vaporization will be controlled by vapor transport
processes. Substantial opportunities for 1liquid
relocation exist,

Vapor pressures derived here suggest cadmium will be
an important contributor to vapor evolving from a
degrading PWR core. The cadmium vapors from a
single control rod will make only a transient
contribution since only slightly more than S percent
of the control ~od alloy need evaporate to exhaust
the cadmium inventory in the condensed phase. If
control rods trroughout the core fail at different
times there could be a more sustained presence of
cadmium in a reactor coolant system even though
vapors from a single control rod might be dissipated
quickly.
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Appendix A

Activity Coefficient Data for Liquid Binary Alloys

Activity coefficients of cadmium in 1liquid cadmium/
silver alloys are shown in Table A-1. Activity coefficients
of cadmium in 1liguid cadmium/indium alloys are shown in
Table A-2. Activity coefficients of irdium in 1liquid
indium/silver alloys are shown in Table A-3.



Activity Coefficient of Cadmium in Liquid

Temperature
(K)

1223
1223
1223
1223
1223
1223
1223
1223
1223
1223

1100
11C0
1100
1100
1100
1100
1100

775
775
775%
775

973
973
973
973
973
973
973
973

1123
1123
1123
1123
1123
1123
1123
1123

Mole Fraction

Table A-1

Cadmium/Silver Alloys

Cadmium

VOO awN

0CO0OCOCO0O000 0O0O0OO0OO0O0OCO 0OO0OO0OO ©COO0OO0C0OOO OCO0000O0000O0

.032
o |

Q0000000 000 0O00O0OCOO0 0OC000O00000O0
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Cadmium Activity
Coefficient

.096
«155
.274
.427
+ 292
.747
.868
.947
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.540
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+TT7
.880
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. 991
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.9987
.9982
» 9971

.9842
.9830
.8715
.7616
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Table A-2

Activity Coefficient of Cadmium in Ligquid
Cadmium/Indium Alloys

Temperature Mole Fraction Cadmium Activity
(K) Cadmium Coefficient Reference
543 0.1 1.15%0 5
543 0.2 0.885% 5
543 Q.3 0.680 5
543 0.4 0.55%3 5
543 0.5 0,478 5
543 0.6 0.458 5
543 0.7 0.474 5
543 0.8 0.531 5
543 0.9 0.778 5
563 2.2 0.980 o
563 0.2 0.815 %
563 0.3 0.700 5
563 0.4 0.605% -
563 0.% N.526 5
563 0.6 0.505% 5
563 0.7 0.499 5
563 0.8 0.536 5
56. 0.9 0.776 5
583 0.1 0.880 -
583 9.2 0.80% S
583 9.3 Q.723 5
583 0.4 0.668 5
583 0.5 0.606 S
583 0.6 0.550 5
583 0.7 0.523 5
583 0.8 0.5414 S
583 0.9 0.781 %
699 0.8930 1.029 6
699 0.797 1.048 6
699 0.703 1.081 6
699 0.622 1.178 6
699 0.600 1.182 6
699 0.596 1.15%8 6
699 0.522 1.228 6
699 0.497 1.213 6
699 0.401 1.298 6
699 0.295 1.451 6
699 0.254 1.480 6
699 0.2%2 1.508 6
699 0.250 1.544 6
699 0.198 1.586 6
699 0.096 1.823 6



Table A-2 (continued)

Activity Coefficient of Cadmium in Ligquid
Cadmium/Indium Alloys

Temperature Mole Fraction Cadmium Activity
(K) Cadmium Coefficient Reference
742 & 0.892 1.026 6
742 0.789 1.054 6
742 0.694 1.088 6
742 0.618 1.165 6
742 0.594 1.170 6
742 0.590 ) 4 ¥ 6
742 0.544 1.154 6
742 0.537 1.186 6
742 0.492 1.201 6
742 0.397 1.280 6
742 0.298 1.379 6
742 0.25%0 1.452 6
742 0.198 1.505 6
742 0.097 1.691 6
801 0.894 1.021 6
801 0.7717 1.066 6
801 0.673 1.116 6
801 0.625 1.142 6
801 0.604 1.156 6
801 0.603 1.144 6
801 0.575% 1.164 6
801 0.512 1.197 6
801 0.485 1.188 6
801 0.391 1.2%3 6
801 0.294 1.347 6
801 0.25%0 1.384 6
801 0.197 1.442 6
801 0.097 1.588 6
853 0.900 1.011 6
853 0.767 1.069 6
853 0.663 1.3123 6
853 0.644 1.110 6
853 0.632 1.120 6
853 0.580 1,158 6
853 0.566 1.157 6
853 0.525 1.X3% 6
853 0.518 .78 6
853 0.480 1.X73 6
853 0.388 1.233 6
853 0.297 1.280 6
853 0.259 1.3%% 6
853 0.253 1.300 6



Activity Coefficient of Cadmium in Liquiad

Temperature
(K)

853
853

773
773
773
773
Tr3
773
773
773
773
773
773
773
773
773
773
23
773

823
823
823
823
823
823
823
823
823
823
823
823
823
823
823
823
823

Table A-2 (continued)

Cadmium/Indium Alloys

Mole Fraction
Cadmium

0.195
0.096

0.95
0.90
0.85
0.80
0.7%
0.70
0.65
0.60
0.50
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0.95
0.90
0.85
0.80
0.75%
0.70
0.65
0.60
0.50
0.40
0.35
0.30
0.25
0.20
0.15%
0.10
0.05

Cadmium Activity
Coefficient

1.
1.521

L el el S e S S Sl S S S So S

L e e e e e S e S S S S S S S

395

.003
.009
.018
.030
.051
.073
.095
.120
.186
- 279
.339
.413
.506
.620
.773
.940
.200

.003
.007
.016
.035%
.051
.067%
.092
.120
.186
.278
.326
.387
.472
.580
.733
.880
.12

Raference
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Table A-2 (continued)

Activity Coefficient of Cadmium in Liquid
Cadmium/Indium Alloys

Temperature Mole Fraction Cadmium Activity
(K) Cadmium Coefficient Reference
868 0.95% 1.002 7
868 0.90 1.007 7
868 0.85% 1.014 7
868 0.80 1.030 7
868 0.75% 1.045 7
868 0.70 1.067 7
868 0.65 1.089 7
868 0.60 2:1%3 7
868 0.50 1.372 7
868 0.40 1.253 7
868 0.3% 1.298 7
868 0.30 1.360 7
868 0.25% 1.437 7
868 0.20 1.%930 p
868 0.15% 1.667 7
868 0.10 1.868 7
868 0.05 2.120 7
923 0.95% 1.001 7
923 0.90 1.006 7
923 0.85% 1.014 7
923 0.80 1.028 b
923 0.75% 1.053 7
923 0.70 1.066 7
923 0.65 1.081 7
923 0.60 1.108 7
923 0.50 1.160 7
923 0.40 1.230 v
923 0.35% 1.274 7
923 0.30 3,933 7
923 0.25% 1.408 7
923 0.20 1.492 7
923 0.15% 1.600 7
923 0.10 1.736 7
923 0.05 1.952 7
625 0.099 1.601 8
625 0.200 1.494 8
625 0.299 1.349 8
625 0.409 1.25%9 8
625 0.498 1.239 8
625 0.598 1.164 8
625 0.692 1.082 8
625 0.794 1.045 8
625 0.892 1.010 8



Table A-3

Activity Coefficient of Indium in Liguid
Indium/Silver Alloys

Temperature Mole Fraction Indium Activity
(K) Indium Coefficient Reference
1100 0.218 0.624 9
1100 0.265 0.676 9
1100 0.310 0.894 9
1100 0.343 0.846 9
1100 0.430 0.935% 9
1100 0.456 1.035 9
1100 0.523 1.048 9
1100 0.555 1.067 9
1100 0.645 1.048 9
1100 0.685% 1.048 9
1100 0.717 1.049 9
1100 0.761 1.063 9
1100 0.823 1.034 9
1000 0.95% 1.001 10
1000 0.90 0.992 10
1000 0.80 0.961 10
1000 0.70 0.935% 10
1000 0.60 0.911 10
1000 0.50 0.874 10
1000 0.45 0.797 10
1000 0.40 0.72% 10
1000 0.35 0.488 10
1000 0.30 0.333 10
1000 0.3 0.189 11
1000 0.4 0.286 11
1000 0.5 0.608 11
1000 0.6 0.847 11
1000 0.7 0.886 11
1000 p.8 0.970 %
1000 0.9 0.980 11
1300 .3 0.150 12
1300 0.2 0.285% i2
1300 0.3 0.477 12
1300 0.4 0.682 12
1300 0.5 0.838 12
1300 0.6 0.932 12
1300 0.7 0.976 12
1300 0.8 0.984 12
1300 0.9 1.000 12



Temperature
(K)

1466
1466
1466
1466
1466
1466
1466
1466
1466

Activity Coefficient of Indium in Liquid

Mole Fraction
Indium

COO0OO0COCOO0O

Table A-3 (continued)

Indium/S.1ver Alloys

.94
W |
.70
.65
.56
.44
oy 4
i 8&
.08

Indium Activity
Coefficient

COO0O0O0O0O00O0

.995%
.956
+ 929
. 19!
. 783
.628
.338
.184
.141

Reference
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13
13
113
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13
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Appendix B

Thermodynamic Data for Species in the
Ag-In-Cd System

In Tables 3-1 to B-3 are collected the data used to
calculate thermodynamic properties of the monatomic species
Ag(gas), 1In(gas), and Cd(gas). Data on the locatien and
degeneracy of the electronic levels were taken from
compilations by Moore. (1) similar data for Ag*, 1In*,
and Cd* are shown in Tables B-4 and B-5.

The calculated thermodynamic properties of Ag(gas),
Agy(gas), Ag3(gas), Ag*, 1In(gas). 1Inz(gas), 1In*, Cd(gas),
Cdp(gas), Cd*, AgIn(gas), and Cd 'n(gas) are shown in Tables
B-7 to B-18. Abbreviations usec in these tables include:
e(T) = Ho(T) - Hgo(298.15), &(T) = -(1/T)(G(T) - Hy(298.15)).
The reference state data for tie elements are shown 1in
Tables B-19, B-21, and B 23. These data were obtainad from
the compilation by Hultgren et al.(2) for the condensed
states and from the calculations reported here for the
gaseous state. Thermodynamic data for the liquid elements
are shown in Tables B-20, B-22, and B 24. For temperatures
between the melting point and the boiling point of the
liquid these data are the same as that tabulated by Hultgren
et al.(2) To calculate the properties of the superheated
liquid, the heat capacity of the element at its boiling
point was assumed invariant with increasing temperature. To
estimate the thermodynamic properties of the supercooled
liquids, glass transition temperatures at 900 K and at 400 K
were assumed for silver and cadmium, respectively.

The reference state data for the electron (e ) were
taken from the JANAF Table(3) and are shown in Table B-25.
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Table B-1

Data Used to Calculate the
Thermodynamic Functions of Ag®(g)

Energy
(em™ 1)

0.00
29,552.0%
30,242.26
30,472.71
34,714.16
42,556.15
48,297.38
48,500.77
48,744.00
48,764 .22
51,886.98
54,040.99
£4,121.16
54,203.113
54,204.73
54,213.60
55,501.29
56,223.30
$6,620.72
56,660.57
56,691.40
56,699.79
£6,705.54
$6.711.30
57.425.11%
58,005.20
58,027.10
58,050.01
58,053.48
58,055.56

107.870

Degeneracy

—

anocooaNOTLAEIANDODD LAEANDAN

-

Energy

(cn'1

)

58,478.
.70
.70
«25
.83
.46
.66
.90
59.,135.
59,321.
« 57

58,504
58,789
58,834
58,849
58,862
58,864
58,901

59,388

$9,390.
.56
$9,751.
«5)
60,007,

59,574
59,751

60,537
61,241

13

99
10

72

15

60

.50
.90
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Table B-2

Data Used to Calculate the
Thermodynamic Functions of In©(q)

Energy

(em™

1

0.
2.212.
24,372.
31,816.
.79
32,892.
32,.91S.
.66
36,020.
36.301.
.90

32,114

34,977

37.451

38,861.
38,972.
39,048.
39,098.
a9,707%.
39,707.
40,636.
41,827.
41,836.
+ 97
.44

41,861
41,881

42,220.
42,718.
43,335,
43,369.
43,399.
43,584.
43,880.
44,234.

)

00
56
87
61

12
42

80
69

35
84
48
37
29
96
71
10

-
-

00
55
63
09
53
40
83
26

114.820

Energy

Degeneracy (cm~

BN BNOTDODADBDNOTDNDBDNTDBNTBNDODEND

1

44 ,249.
44,275.
44 ,294.
44 ,406.
44,406.
44,595.
44 ,815.
44,827.
44 ,853.
44,865,
.70

44,938

44 ,938.
45,067.
45,211.
45,221.
45,303.
45,303.
45,394.
45,493,
45,502.
.89
.04

45,563
45,564

45,630.
.08
.02
45,756,
45,756.
45,806.
45,859.
45,865.

45,702
45,709

)

37
17
13
20
26
86
06
02
23
79

78
19
51
o8
31
39
13
98
04

44

50
56
88
30
32

Degeneracy

Energy

(em™

1

45,902.
.90
.20

45,941
45,982

45,986.
46,047.
46,078,
.60

46,131

46,156.
46,200.
.90

46,219

46,255.
46,272.
46,302.
46,316,
46,342,
46 ,352.
.90

46,374

46,384 .
.60

46,402

46 ,410.
.50
.20
.50

46,434
46,455
46,472

46,488,
46 ,501.
46,514.
46,525.
.62

73,354

)
92

69
40
60

10
00

60
30
10
00
20
70

30

60

10
70
20
50
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Table B-3

Data Used to Calculate the
Thermodynamic Functions of Cd°(qg)

Enerqgy

(em™

1

0.

30,114

31,827

)
00

.02
30,656.
.00

43,692.
51,484,
52,310.
58,350.
58,161.
58,€35.
.82
59,485.
59,497.

59,219

59,516

62,563

65,353

65,367

13

47
0l
16
90
80
70

79
950

.02
59,905.
.46
63,086.
64,995.
65,021.
65,092.
65,134.
.50
65,359.
.26
65,494.20
65,581.70
66,680.92
66,904.70
67,829.60
67.837.10

60

70
90
30
80
87

30

Degeneracy (cm~

MWD HFWWERNNWOINMFHWWNONONWORWHEF WS WO W

Energ
1

67,842.
67.875.
67,990.
67,992.
67,997.
68,055.
68,093.
68,682,
68,799.
69,292.
69,314.
69,321.
69,340.
69,400.
69,402.
69,405.
69,435.
69,805.
69,873.
70,175.
70,207.
70,244.
70,245.
70,247.
70,262.
70,501.
70,543.
70,741.
70,788.
70,789.

Yy
)

10
20
10
90
50
40
70
20
60
50
50
40
20
50
80
50
70
90
10
90
30
20
50
10
60
20
20
20
30
00

Degeneracy

—
MWW EWSNOD R WWNOO - WWwSN

Energy

(em”

1

70,790.
70,800.
70,962.
70,992.
71,119.
.60
71,160.
.90
.80
71,299.
71,424.
.00
71,515.
.00
71,596.

71,159
71,167
71,281
71,425
71,528
71,618
71,692
71,748
71,767

71,818
71,869

72,155

)

10
00
00
10
50
60
00
10
60

310

.50
71,689.
.40
.90
.20
.60
.20
71,880.
71,972.
72,046.
72,108.
.70

60

70
10
70
20



Data

Molecular Weight =

Degeneracy

Energy
1,

0.00
39,163.90
40,741.00
43,738.70
46,045.70
80,172.20
82,167.56
83,621.36
83,665.41
85,196.61
86,136.02
86,456.54
86,883.95
89,130.64
89,891.40
90,330.74
90,883.70
93,928.66
97.957.81
99,601.90

(em™

WO WUONPUFWUOUONNOYOVDWWNONH MO WO WS e

105,258.18
108,934.34
109,123.59
110,769.41
113,598.12
120,529.45%
120,907.13
125,122.38
125,400.89
125,568.90

107.870

Degeneracy

—
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Table B-4

Energy

(c-'l)

126,660.50
126,673.10
126,760.20
126,763.70
127,205.00
127,484 .%0
127,517.00
127,601.80
128,528.80
130,721.01
130,756.00
131,246.30
131,500.50
131,510.50
131,783.90
132,013.53
132,148.90
132,191.80
132,425.50
132,684 .46
132,837.64
132,916.29
133,017.94
133,137.81
113,589.40
134,339.04
134,449 .40
134,795.04
135,411.22
136,165.82

Used to Calculate the
Thermodynamic Functions of Ag*(q)

Degeneracy

NMWOONNWAOANOTUO NN WN WD

Enerqgy

(em™

136,514

137,221
137,464

1

)

.91
136,828.
137,172.
.43
.20

138,633,
13%9,327.
140,962.
.90

144,473

144,619.
149,078.
149,179.
155,006S.
.80

155,156

159,690.
.80

159,738

51
63

30
30
30

00
40
10
30

80



Table B-5

Data Used to Calculate the

Thermodynamic Functions of In*(g)

Molecular Weight = 114.820

Degeneracy

VW rFOOTNDWNDOINNFWHEWOWHENWNON WO QWA WE OO

Energy
(em™ 1)

0.00
11,388.07
14,008.88
42,275.00
43,349.00
45,827.00
63,033.81
93,919.03
97.025.36
97.623.61

101,603.30
102,083.63
102,169.63
102,303.23
103,244.47
105,560.19
107,657.87
107,837.17
108,425.52
109,775.39
121,284.71
121,437.71
123,368.04
123,637.85
123,643.04
123,659.72
123,694.07
124,737.90
124,771.87
124,825.30
126,666.16
126,928.03
126,990.17
127,249.36

Degeneracy

N -

N W WEaOUNWOARNOYONN HFWWUdUNUONWwOANOND ~WW

N -~

Energy

(cn'l)

127,568.53
133,067.67
133,549.12
133,935.63
133,.939.63
133,955.71
133,979.84
134,507.18
134,511.01
134,721.67
134,739.19
134,767.07
135,395.63
135,856.72
135,994.50
136,092.10
139,132.27
139,382.53
139,544.50
139.547.83
139,562.41
139,581.23
139,916.70
139,920.44
140,077 .42
140,104 .34
140,403.60
140,729.75%
140,817.60
140,840.13
142,703.52
142,852.13
142,922.96
142,925.137

Degeneracy

~N -

NONUUNWWRLaBaENdNWOONY

VO NFWWOoOONdOMW

Enerqy

(em™

1

142,938.
.91
143,178.
143,182.
.63
143,300.
.02
143,479.
.70
.80
.23
144,985.
.50
145,110.
145,112.
.50
.62
.24
145,298.
.51
.60
.26
.99
145,390.
.76
145.650.
145,678,
146,532,
146,598.
.43
146,609.
146,619,

142,954

143,293
143,311
43,701
143,735
143,758
145,081
145,124
145,139
145,295
145,321
145,325
145,378
145,382

145,494

146,607

)
34

79
34

10

21

98
70

81

20

93
91
37
23

i3
81



Table B-6

Data Used to Calculate the

Thermodynamic Functions of Cd*(gq)

Molecular Weight =

Degeneracy

—
NN LOODDELENNTLDOODEDODANITHMNNTDNNDOENN

Energy
iy

0.00
44,136.08
46,618 .55
69,258.91
74,893.66
82,990.66
89,689.25
89,843.78
94,710.40
95,383.63

106,189.20
107,300.88
108,419.47
108,432.43
109,440.86
109,736.82
110,168.11
110,174.10
110,247.60
112,196.50
112,361.06
112,490.39
112,785.19
114,793.91
114,952.30
116,225.71
116,953.70
117,988.79
118,040.65
118,444.36

(em™

112.400

Degeneracy

aONONAMOOCBDOOTDNABNO LMD DN AN LDNDSODD N

Fnergy
%

118,545.77
118,769.95
119,0%6.11
119,293.99
119,373.19
119,522.72
119,561.99
120,13%.22
120,618.46
120,711.18
121,281.64
123,751.48
123,972.10
123,988.39
124,151.26
124,613.30
124,636.50
125,223.06
125,254.49
127,152.89
127,249.09
127,283.04
127,396.62
127,697.43
127,712.28
127,996.73
128,076.30
129,189.50
129,343.05
129,344 .86

(em™

Degeneracy

—

- —_ —
DD LD ONOBDNOLDDODOANDBDNODDD O

—
o

Energy

(em™

1

129,419.
129,502.
129,686.
.50

129,708

129,718.
129,956.
130,216.
130,835,
130,878.
130,925.
.09

130,946

131,092.
131,100.
131,261.
.70

131,374

131,718,
.07
.72
.87
.47

131,899
131,953
131,961
131,978

132,086.
132,092.
132,280.
132,707.
132,742.
132,824,
132,828.
133,389,

)

38
43
60

66
30
60
86
61
82

90
14
10

20

7
18
40
91
26
25
29
76



Temp.

(K)

298.

300
400
500

600
700
800
900
1000

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
27060
2800
2900
3000

3100
3200
3300
3400
3500

15

.968
.968
.968
.968

EE

.968
.968
.968
.968
.968

“aob b b os

.968
.968
.968
.968
.968

-aob b b s

.968
.968
.968
.968
.968

oobh bbb

.968
.968
.968
.968
.968

EoE

.968
.968
.968
.969
.969

-ob bbb

4.970
4.971
4.972
4.974
4.976

Table B-7

Thermodynamic Properties of Ag(g)

§,(T)
cal .

mole

41.320
41.1351
42.780
43.889

44.794
45.560
46.224
46.809
47.332

47.806
48.238
48.636
49.004
49.347

49.667
49 .968
$0.25%2
50.521
50.776

51.018
51.249
51.470
51.681
51.884

52.07%9
52.267
52.447
£2.622
52.790

52.953
$3.111
53.264
53.412
53.5%7

e(T)

Kcal

mole

e D w W NN e e 000

IO

10.
10.

11
11
12
12.
13

13.
14
14
15.
18.

. 009
.506
.003

500

. 996
. 493
.990
.487

.984
.480
- 977
.474
- 973

.467
.964
.461

958

. 455

.951
.448
.945%

442
939

.435%
.932
.429

926

.423

920

.417
.914

411
909

®(T)
cal

mole

41.
q1.
519
q1.

11

42.
42.

43

43.
.846

43

44.
.504
.807
.094
45.

44
14
45

45

320
320

883
295
708

107
487

184

366

. 625
5.
46.
46.
46.

46.
955§

a6
47

47.
47.

47.

47

872
107
333
548

756
146
i3l
509

681

.847
48.
18.
48.

48 .

48
48

149

008
164
316

463

.606
.744
48,
.011

880

AH

ca
mole

f
1

67,900
67,898
67,783
67,657

67,518
67,363
67,192
67,004
66,798

66,572
66,323
63,334
63,031
62,728

62,424
62,121
61,818
61,515
61,212

60,908
60,605
60,302
59,999

0

0000

(s Q=R=lele)

cal

mole

58,622
58,564
55,470
52,406

49,369
46,1355
43,205
40,1397
37.4%4

34,530
31,626
28,891
26,253
23,637

21,040
18,463
15,904
13,361
10,834

8,322
5.825
3,343
873

0

o RoReRele)

o0O0CO0OC0C



Table B-8

Thermodynamic Properties of Agz(gas)

>

G

e

Cp SO(T) e(T $(T) AHf £
Temp. cal K cal K Kcal cal K cal cal
(K) mole mole mole mole mole mole
298.15 B8.8583 61,3842 0 61.3842 97,679 85,460
300 8.8602 61.4390 16.4 61.3844 97,673 85,384
400 8.9351 63,9994 906 61.7330 97,339 81,3137
500 8.9799 65.9983 1.802 62.3934 96,989 77.376
600 9.012% 67.6386 2,702 63.1350 96,617 73,488
700 9.0391 69.0299 31,605 63.8802 96,218 69,666
800 9.062% 70.2384 4,510 64.6011 95,787 65,580
900 9.0841 71.3071 5.417 65.2880 95,324 62,190
1000 9.104%5 72.2653 6,327 65.9387 94,828 58,539
1100 9.1242 73.1340 T+ 238 66.5539 94.293 54,9135%
1200 9.1433 73.9287 8,151 67.13%8 93,716 51,379
1300 9.1621 74.6613 9,067 67.6869 87,660 48,167
1400 9.1806 75.3410 9,984 68.2096 B6,977 45,15%
1500 9.1989 75.975%0 10,903 68.7064 86,296 42,192
1600 9.2171 76.5693 11,824 69.1795 85,617 39,273
1700 9.2352 77.1286 12,746 69.6308 84,939 36,296
1800 9.2531 77.65%570 13,671 70.0621 84,264 33,5%60
1900 9.2710 78.1577 14,597 70.4752 83,590 30,763
2000 9.2889 78.6337 15,52% 70.8713 82,918 27,999
2100 9.3067 79.0874 16,45%5% 71.2518 82,248 25,268
2200 9.3245% 79.5207 17,386 71.6179 81,579 22,569
2300 9.3423 79.913%6 18,320 71.9706 80,913 19,904
2400 9.3601 80.3336 19,255 72.3108 80,248 17,263
2500 9.3780 80.7160 20,192 72.6394 -39,807 17,823
2600 9.3960 81.0842 21,130 72.9572 -39,861 20,131
2700 9.4141 81.4391 22,071 73.2648 -39,914 22,442
2800 9.4323 81.7818 23,013 73.%629 -39,966 24,748

2900 9.4507 82.1132 23,957 73.8520 -40,016 27,063
3000 9.4694 82.4339 24,903 74.1328 -40,064 29,374

3100 9.4883 82.7447 25,851 74.4056 -40,110 31,690
3200 9.5075 83.0462 26,801 74.6709 -40,154 34,009
3300 9.5271 83.3391 27,753 74.9292 -40,196 36,327
3400 9.5470 83.6238 28,706 75.1807 -40,2137 38,644
3500 9.5674 83.9008 29,662 75.4259 -40,277 40,969



Temp.

(K)

290,

300
400
500

600
700
800
$00
1000

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
2700
2800
2900
3000

3100
3200
3300
3400
3500

15

Table B-9

Thermodynamic Properties of Agj3(gas)

Cc
P

cal .

mole

14.7010
14.7035
14.7901
14.8307

14.8529
14.8663
14.8748
14.8799
14.8817

14.8794
14.8720
14.8579
14.8358
14.8048

14.7643
14.7139
14.6538
14.5843
14.5060

14.4197
14.3262
14.2263
14.1209
14.0110

13.8972
13.7804
13.6613
13.5406
13.4188

13.2966
13.1744
13.0526
12.9317
12.8120

$,(T)

cal .

mole

77.9899
78.0809
82.3244
85.6296

88.3357
90.6263
92.6121
94.3644
95.9323

97.3506
98.6450
99.8349
100.9352
101.9577

102.9120
103.80n5¢6
104.6450
105.4354
106.1816

106.8873
107.5559
108.1906
108.7938
109.3681

109.9154
110.4377
110.9367
111.4140
111.8710

112.3090
112.7292
113.1327
113.5206
113.89137

37.2
1.502
2,984

4,468
5,954
7.441
8,929
10,417

11,905
13,393
14,879
16,364
17,846

19,32%
20,799
44,267
23,729
25,184

26,630
28,067
29,495
30,912
32,319

33,714
35,098
36,470
37,831
39,179

40,514
41,838
43,149
44,448
45,736

$(T)
cal

mole

77.9899
77.9902
78.5682
79.6621

8C.8890
82.1206
83.3107
84.4434
85.5153

86.5278
87.4844
88.3893
89.2466
90.0603

90.8341
91.5711
92.2744
92.9464
93.5897

94.2063
94.7980
95.3666
95.91136
96.4404

96.9482
97.4383
97.9115
98.3689
98.8114

99.2398

99.6548
100.0%7
100.448
100.826

AHt

cal
mole

142,655
142,649
142,288
141,901

141,477
141,010
140,493
139,926
139,30%

138,624
137,877
128,905
127,990
127,072

126,151
125,225
124,293
123,355
122,410

121,456
120,493
119,521
118,538
-61,543

-61,636
-61,743
-61,862
-61,992
-62,135%

-62,651
-62,458
-62,638
-62,830
-63,036

AGf

cal

mole

128,526
128,439
123,755
119,165

114,657
110,224
105,379
101,562

97,337

93,172
89,069
85,470
82,164
78,922

75,741
72,619
69,550
66,537
63,569

60,648
$7.773
54,947
52,157
54,167

58,800
63,438
68,070
72,719
77,362

81,654
86,674
91,338
96,002
100,685



Temp.

(K)

298.

300
400
500

600
700
800
900
1000

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
2700
2800
2900
3000

3100
3200
3300
3400
3500
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Table B-10

Thermodynamic Properties of Ag*

S,(T)

cal

mole'K
39.943
39.974
41.403
42.511

43.417
44.183
44 .846
45.431
45.955

46.428
46.861
47.25%8
47.626
47.969

48.290
48.591
48.875
49.144
49.398

49.641
49.872
50.093
50.304
50.507

50.702
50.889
51.070
51.244
51.413

51.576
51.733
51.886
52.034
52.178

e(T)

Kcal
mole

0

0.009
0.506
1.003

1.500
1.996
2.493
2.990
3.487

3.984
4.480
4.977
5.474
$.97)

6$.467
6.964
7.461
7.958
8.455

8.951
9.448
9.945
10.442
10.939

11.435
11.932
12.429
12.926
13.423

13.919
14.416
14.913
15.410
15.907

B-11

¢(T)

cal

nole'K
39.943
39.943
40.138
40.506

40.918
41.331
41.730
42.109
42.468

42.807
43.127
43.430
43.716
43.989

44.248
44.494
44.730
44.955%
45.171

45.378
45.577
45.769
45.953
46.131

46.304
46.470
46.631
46.787
46.938

47.085%
47.228
47.367
47.502
47.634

AHf
cal
mole

243,420
243,427
243,809
244,180

244,538
244,879
245,205
245,514
245,805

246,076
246,323
243,831
244,025
244,219

244,411
244,605
244,799
244,993
245,187

245,379
245,573
245,767
245,961
186,459

186,955
187,452
187,949
188,446
188,943

189,438
189,935
190,432
190,929
191,425

AGf
cal
mole

233,065
233,000
229,467
225,839

222,137
218,375
214,407
210,718
206,837

202,929
198,991
195,184
191,435
187,672

183,893
180,105
176,305
172,497
168,677

164,844
161,003
157,157
153,299
151,019

149,590
148,148
146,680
145,201
143,700

142,182
140,652
139,104
137,542
135,968



Table B-11

Thermodynamic Properties of In(gas)

cp SO(T) e(T) ¢(T) AHf AGf
Temp. cal _K cal K Kcal cal K cal cal
(K) mole mole mole mole mole mole
298.15 4.978 41.507 0 41.507 58,000 49,745
300 4.979 41.538 0.009 41.508 57.997 49,693
400 5.05%6 42.979 0.510 41.703 57.834 46,948
500 5.243 44.125 1.024 42.077 56,864 44,377
600 5.512 4% .104 1.561 42.501 56,699 41,895
700 5.803 45.976 2:127 42.9137 56,56% 19,438
800 6.061 46.768 2.721 43.367 56,461 36,999
900 6.260 47.494 3.338 43.78% 56,382 34,572
1000 6.391 48.161 2:.971 44.190 56,320 32,153
1100 6.461 48.774 4.614 44.579 56,268 29,738
1200 6.482 49 .337 5.261 44 .953 56,220 27,328
1300 6.465 49.85%5% 5.909 4%5.310 56,173 24,922
1400 6.422 50.333 6.553 45.652 56,122 22,521
1500 6.363 50.774 7.193 45.979 56,067 20,124
1600 6.294 51.183 7.826 46.292 56,00% 17,728
1700 6.221 51.562 8.452 46.5%91 55,936 15,338
1800 6.147 51.916 9.070 46.877 55.859 12,951
1900 6.074 $2.246 9.681 47.151 £$%.77% 10,570
2000 6.003 52.55%6 10.28% 47.413 55,684 8,192
2100 5.936 $2.847 10.882 47 .665 55,586 5.822
2200 5.873 $3.122 11.472 47.907 55,481 3,453
2300 5.815% $3.382 12.05%6 48.140 $56.,370 1,090
2400 5.760 53.628 12.635% 48.363 0 0
2500 5.709 53.862 13.209 48.578 0 0
2600 5.663 54.085% 13.777 48.786 0 0
2700 5.620 54,298 14.341 48.98¢ 0 0
2800 5.580 54.501 14.901 49.180 0 0
2900 5.544 54.697 15.45%7 49.366 0 0
3000 $5.511 54.884 16.010 49.547 4] 0
3100 5.480 55.064 16.560 49.722 0 0
3200 5.45%2 £5.238 17.106 49.892 0 0
3300 5.427 55.405% 17.650 50.057 0 0
3400 5.403 55.567 18.192 50.216 0 0
3500 5.383 56.723 18.731 50.371 0 0

B-12



Temp.

(K)

298.

300
400
500

600
700
800
900
1000

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
2700
2800
2900
3000

3100
3200
3300
3400
3500

15

Table B-12

Thermodynamic Properties of Inz(gas)

8.9732
8.9746
9.0374
9.0845

9.125%
9.1634
9.1998
9.2353
9.2701

9.3046
9.3389
9.3729
9.4068
9.4407

9.4744
9.5081
9.5417
9.5754
9.6089

9.6425
9.6760
9.7096
9.7431
9.7766

9.8102
9.8437
9.8773
9.9109
9.9446

9.9783
10.0121
10.0461
10.0801
10.1143

SO(T)
cal
mole

-K

65.5937
65.6492
68.2402
70.2621

71.9221
73.3316
74.5576
75.6433
76.6181

77.5033
78.3144
79.0632
79.7591
80.4092

81.0196
81.5950
82.1394
82.6562
83.1482

83.6178
84.0672
84.4980
84.9120
85.3104

85.6945
86.0654
86.4240
86.7711
87.1077

87.4343
87.75%17
88.0603
88.3607
88.6534

7.342
8,275
9.210
10,149
11,092

12,037
12,986
13,939
14,88%
15,854

16,817
17,783
18,752
19,724
20,700

21,680
22,662
23,649
24,638
25,631

26,627
27,626
28,629
29,636
30,645

B-13

$(T)

cal

mole'K
65.5937
65.5939
65.9467
66.6149

67.36%2
68.1194
68.8492
69.5449
70.2043

70.8283
71.4188
71.9784
72.5096
72.0148

73.4962
73.955%8
74.3955
74.8168
75.2211

75.6099
75.9842
76.3450
76.6934
77.0302

77.3561
77.6718
77.9780
78.2753
78.5641

78.8450
79.1184
79.3847
79.6443
79.8976

AHf
cal
mole

96,047
96,039
95,612
93,551

93,057
92,571
92,094
91,623
91,159

90,697
90,240
89,785
89,334
88,887

88,442
88,001
87,564
87,130
86,699

86,272
85,848
85,427
-25,499
-25,671

-25,827
-25,973
-26,106
~26,229
~26,342

-26,446
~-26,539
-26,624
-26,701
~-26,770

AG
al_

!lO

ole

84,731
84,660
80,926
77.570

74,420
71,351
68,354
65,414
62,527

59,687
56,887
54,124
51,401
48,709

46,043
43,405
40,794
38,208
35,643

33,105
30,581
28,079
28,127
30,363

32,609
34,860
37,112
39,377
41,639

43,904
46,179
48.450
50,728
53,004



Temp.

(K)

298.

300
400
500

600
700
800
900
1000

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
2700
2800
2900
3000

3100
3200
3300
3400
3500
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cal K

mole

ocooooowm aoyono,m aornmoo,m aoboa b b S oh b s E

NNNNo

.968
.968
.968
.968

.968
.968
.968
.968
.968

.969
.970
.974
.980
. 992

.010
.038
.077
.128
.194

.276
.374
.488
.619
.766

.926
.099
.283
.476
.674

.877
.081
.285
.485
.680

Table B-13

Thermodynamic Properties of Int

$5,(T)

cal .

mole

40.129
40.160
41.589
42.697

43.603
44.369
45.032
45 .618
46.141

46.615
47.047
47.445
47.814
48.158

48.480
48.785
49.074
49.350
49.614

49.870
50.117
50.359
50.595%
50.827

51.056
51.283
51.508
51.732
$1.95%

52.177
52.399
52.620
52.840
53.060

(T)

Kcal

mole

D e e W W N e ~O0O0O0

oNNdO

10
10
11

11
12
13
13
14

15
15
16
17
17

.009
.506
.003

.500
.996
.493
.990
.487

.984
.481
.978
.475
.974

.474
.976
.482
.992
.508

.031
.564
.107
.662
.231

.816
.417
.036
.674
« 33N

.009
. 707
.425%
.163
.922

¢(T)

cal

lole'K
40.129
40.129
40.324
40.692

41.104
41.517
41.916
42.295%
42.6%4

42.993
43.313
43.616
43.903
44.175

44 .434
44 .681
44.917
45.143
45.360

45.569
45.770
45.964
46.152
16.335

46.512
46.684
46.853
47.017
47.178

47.336
47.490
47.643
47.792
47.940

AHf
cal
mole

192,222
192,228
192,558
192,068

192,360
192,652
192,948
193,246
193,545

193,844
194,142
194,441
194,720
195,041

195,342
195,646
195,954
196,266
196,584

196,908
197,243
197,588
142,691
143,183

143,696
144,230
144,786
145,365
145,966

146,59
147,239
147,210
148,603
149,320

182,891
182,832
179,648
176,516

173,378
170,190
166,962
163,695
160,396

157,068
153,710
150,328
146,924
143,500

140,052
136,586
133,103
129,605
126,088

122,55%%
119,007
115,444
113,130
111,888

110,627
109,346
108,042
106,723
105,379

104,015
102,631
101,225
99,803
98,357



Table B-14

Thermodynamic Properties

SO(

cal

T)

mol

40.
40.
41
42.

43 .
44.
44
45.
46.

46.
46
47.
47
48

48.
48
48
49.
49

49
49
50.

e_

065
096

+ 549

634

540
306

.969

554
077

551

.983

3gl

.749
.092

412

.714
.998

266

.Y 5

.763
.994

215

.427
.630

.824
.012
« 193
x.367

+953%

.698
.856
.009
.158
.302

W NN e~

"M e b w

,m

6.
6.
7.
7

8.

of Cd(gas)

¢(T)

cal
mole

40.
40.
40.
40.

41
41

42.

43

44.
44.
44 .

45
45

45
45
45
46
46

46

47.

47

e

065
066
260
628

.040
.454
41.
42.
42.

852
232
591

930

. 250
43 .
43.
44.

562
839
111

370
617
852

.078
. 294

.501
.700
.891
46.

076

254

.426
46.

593

.754
46.
47.

910
061

208

L

0

c
.

6

Allf
cal
mole

26,720
26,718
26,580
26,413

24,737
<8,%23
24,310
24,097
23,884

COO00O0O CO0O0O0O0

CO0O00O0

AG{

cal

mole

18,466
18,414
15,666
12,956

10,301
7.908
5.551
3,222
917

CO0OO0O0O0O

o 0000

OO0 00




Temp.

(K)

298.

300
400
500

600
700
800
900
1000

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
2700
2800
2900
3000

3100
3200
3300
3400
3500

15

Table B-15

Thermodynamic Properties of Cdy(g)

Cp SO(T)
cal cal
mole'K nole'K
10.1466 68.4287
10.1569 68.4915%
10.6881 71.4877
11.1408 73.9229
11.5176 75.9884
11.8417 77.7887
12.1347 79.3893
12.4116 80.8347
12.6820 82.1564
12.9511 83.3777
13.2218 84.5162
13.4957 85.5853
13.7733 B6.595%6
14.0550 87.5554
14.3406 88.4716
14.6302 89.3496
14.9233 90.1942
15.2199 91.0090
15.5197 91.7972
15.8224 92.5618
16.1277 93.3049
16.435% 94.0286
16.7455 94,7346
17.0575 95.4245
17.3712 96.0996
17.6864 96.7611
18.0030 97.4100
18.3207 98.0473
18.6394 98.6738
18.9589 99,2902
19.2791 99.8972
19.5999 100.4953
19.9211 101.0852

20.2426 101.

6673

e(T) ¢(T)
Kcal cal
mole mole
0 68.4287
18.8 68.4289
1,062 68.8338
2.154 69.61?5
3,287 70.5098
4.45%5% 71.4237
5.654 72.3213
6,882 73.13881
8,136 74.0198
9,418 74.815%7
10,727 75.5771
12,063 76.3063
13,426 77 .005%5%
14,818 T . 46TT)
16,237 78.3233
17,686 78.9463
19,163 79.%478
20,670 80.1297
22,208 80.6935%
23,775 81.2405
25,372 8l.7721
27,000 82.2893
28,659 82.7932
30,349 83.2847
32,071 83.7647
33,824 84.23138
35,608 84.6929
37,424 85.1424
39,272 85.5830
41,152 86.0153
43,064 86.4396
45,008 86.8565%
46,984 87.2664
48,992 87.6695

AHf AGf
cal cal
mole mole
73,824 60,804
73,820 60,723
73.%594 56,391
73,358 $2.117
70,145S 47,928
69,893 44,239
69,672 40,593
69,480 36,977
69,314 33,378
21,834 32,5131
22,151 33,491
22,493 34,423
22,862 35.325
23,260 36,203
23,687 37,051
24,142 37,875
24,625 38,668
25,138 39,432
25,682 40,172
26,257 40,8872
26,860 41,563
27,494 42,217
28,159 42,846
28,855 43,444
29,585 44,011
30,344 44 ,5%4
11,134 45,067
31,956 45,547
32,810 45,999
33,696 46,424
34,614 46,821
35,564 47,189
36,546 47,531
37,558 47,836



Temp.

(K)

298.

300
400
500

600
700
800
900
1000

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
2700
2800
2900
3000

3100
3200
3300
3400
3500

15

Table B-1%

Thermodynamic Properties of Cd*(gq)

oobobobs D bbb Lo I o obob b _ob oo
Pel el 0 o e
N - N - -
@ @ (- ] o @

- obob e s
e
=]
@

“aob b e
0
=0
o«

S,(T)

cal .
mole

41.
41.
42.
44

44.
45.
46.
46
47.

47.
48.
48
49.
49.

49.
%50.
50.
50.
50.

$1.
51,
5.
51.
oL,

T
52.
52.
52
52.

53
53.
o3
53.
83,

443
474
903

.011

917
683
346

.931

455%

928
361

.758

126
469

790
091
375
544
898

141
372
593
804
007

202
389
570

.744

913

.076

233

.386

534
678

K

e(T)

Kcal
mole

.009
.506
.003

~O0OO0O0O

.500
.996
.493
.990
.487

W NN

.984
.480
.977
.474
+ 37k

O D s W

.467
.964
.461
. 958
.455

IS

951
.448
. 945
.442
.939

COoOwwe ®

1
1

11.435%
11.932
12.429
12.926
13.423

13.919
14.416
14.913
15.410
15.907

B-17

¢(T)

cal

nole'K
41.443
41 .443
41 .638
42.006

42.418
42.831
43.230
43.609
43.968

414.307
44.627
44.9%930
45.216
45.489

45.748
45.994
46.230
46.455
46.671

46.878
47.077
47.269
47.453
47.631

47.804
47.970
48.131
48 .287
48.439

48.586
48.728
48 .867
49.002
49.133

AHf
cal
mole

234,825
234,832
235,191
235,521

234,342
234,624
234,908
235,192
235,476

212,089
212,585
213,082
213,579
214,076

214,572
215,069
215,566
216,063
216,560

217,056
217,553
218,050
218,547
219,044

219,540
220,037
220,534
221,031
221,528

222,023
222,520
223,017
223,514
224,010

224,672
224,609
221,146
217,597

214,002
210,585
207,134
203,649
200,130

197,953
196,644
195,297
193,910
192,488

191,030
189,545
188,030
186,486
184,918

183,322
181,702
180,063
178,402
176,719

175,012
173,295
171,554
169,797
168,020

166,226
164,421
162,597
160,764
158,910



Temp.

(K)

298.

300
400
500

600
700
800
900
1000

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
2700
2800
2900
3000

3100
3200
3300
3400
3500
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Table B-17

Thermodynamic Properties of AgIn(gas)

Y OwYww O YO W Owew OO wwe O Owew @® o®®m®

O YWY w

.9006
.9020
.9567
<991}

.0174
.0397
.0599
.0789
.0971

.1149
.1323
.1494
.1664
.1833

.2000
.2167
2333
.2499
.2664

.2829
.2994
- 3159
+ 3323
.3487

.3651
.3816
- 3979
.4143
.4307

.4471
.46135
.4799
.4963
.5127

$,(T)

cal K
mole
67.4205
67.4755%
70.0447
72.0473

73.6890
75.0807
76.2891
77.3873
78.3148

79.1827
79.9766
80.7082
81.3869
82.0199

82.6131
83.1713
83.6986
84.1983
84.6732

85.1257
85.5579
85.9716
86.3685
86.7498

87.1167
87.4705
87.8120
88.1420
88.4615

88.7710
89.0712
89.3626
89.6459
89.9214

910
1,807

2,708
3,610
4,516
5,422
6,331

7.242
8,154
9,068
9,984
10,902

11,821
12,742
13,664
14,588
15,514

16,442
17,371
18,301
19,234
20,168

21,104
22,041
22,980
23,920
24,863

25,807
26,752
27,699
28,648
29,599

®(T)

cal K
mole

67.4205
67.4206
67.7706
68.4330

63.1762
69.9228
70.6448
71.3324
71.9836

72.5992
73.1814
73.732%
74.25%1
74.7522

75.2251
75.6763
76.1075
76.5203
76.9161

77.2964
77.€621
78.0145
78.3544
78.6826

79.0000
79.3072
79.6049
79.8936
80.1739

80.4463
80.7111
80.9689
81.2200
81.4647

AH

-

ca
mo

—

e

84,817
84,810
84,428
83,218

82,781
82,332
81,872
81,397
80,908

80,401
79,873
76,606
76,027
75,450

74,874
74,300
73,727
73,156
72,587

72,020
71,454
70,889
15,073
-45,063

-45,191
-45,315
-45,432
-45,546
-45,653

-45,756
-45,854
-45,948
-46,038
-46,124

AGf
cal
mole

71,877
71,797
67.514
63,462

59,5%3
55,716
51,786
48,232
44,574

40,966
37,402
34,029
30,778
27.567

24,392
21,254
18,149
15,078
12,035

9.023
6,035
3,074
1,404
2,428

4,332
6,240
8,148
10,067
11,985

13,907
15,835
17,763
19,695
21,631



Temp.

(K)

298.

300
400
500

600
700
800
900
1000

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
2700
2800
2900
3000

3100
3200
3300
3400
3500
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Table B-18

Thermodynamic Properties of CdIn(gas)

C
P
cal X
mole

.9073
.9090
.9767
.0218

oo, o

.0606
.1026
.1539
.2177
.2943

OO w

.3814
.4759
. 5743
.6730
.7696

Yoo w

9.8617
9.9480
10.0276
10.1002
10.1656

10.
10.
10.
10.
10.

2243
2767
3235
3653
4029

10.
10.
10.
10.
10.

4369
4681
4971
5245
5508

10.5764
10.6018
10.6273
10.6532
10.6796

K

$,(T)

cal
u\ole'K
65.5465%
65.6016
68.1747
70.1829

71.8312
73.2309
74.4496
75.5314
76.5064

77.3963
78.2166
78.9789
79.6921
80.3627

80.9962
81.5967
82.1676
82.7117
83.2315%

83.7289
84.2058
84.6637
85.1039
85.5278

85.9365
86.3310
86.7122
87.0811
87.4383

87.7847
88.1209
88.4475
88.7652
89.0743

e(T

-

=
—

ca
ole

0

16.

911
1,811

&+ 715
3,623
4,536
5.454
6,380

7.314
8,256
9.209
10,171
11,144

12,125
13,116
14,115
15,121
16,134

17,154
18,179
19,209
20,2414
21,282

22,324
23,369
24,418
25,469
26,522

27,579
28,638
29,699
30,763
31,830

¢(T)

cal 2
mole

65.
65.
65.
66.

67.
68.
68.
.4708

69

70.

70.
X
.8950
T2.
. 9337

71

72

73

74

5465
5466
€970
5607

3058
0548
7796
1264

7474
3361

4268

.4180
73,
74.

-

9

79,
75.
76.
L
.0151

77

i
7.
77.
78.
. 5975

78
78
79

79
79

8816
3262
7533
1643

5604
9426
3119
6691

3504
6757
9917
2988

.8883
79.
.4478
L7172
.9801

1716

AHf AGf
cal cal
mole mole
78,528 66,797
78,521 66,724
78,117 62,848
76,869 $9.213
74,898 55,745
74,396 52,590
73,901 49,510
73,413 46,494
72,934 43,531
48,792 41,984
48,543 41,375
48,304 40,788
48,074 40,218
47,855 39,667
47,645 39,126
47,444 38,601
47,251 38,086
47,065 37,581
46,886 37,085
46,715 36,602
46,548 36,123
46,386 35,653
-9,02% 36,458
-9,058 38,353
-9,080 40,249
-9,096 42,147
-9,104 44,045
-9,106 45,944
-9,103 47,839
-9,093 49,737
-9,077 51,637
-9,057 3,532
-9,032 55,413)
-9,002 57,325



Table B-19

Silver Reference System

SO(T) HO(T) - H°(298)
T(K) (cal/mole - K) (cal/mole)
298.15 10.2 0
300 10.238 1.2
400 11.997 623
500 13.386 1,246
600 14.545% 1.882
700 15.549 2,533
800 16.240 3,201
900 17.246 3,886
1000 17.988 4,589
1100 18.677 5,312
1200 19.324 6,057
1300 22.141 9,543
1400 22.734 10,343
1500 23.286 11,143
1600 23.802 11,943
1700 24.287 12,743
1800 24.744 13,543
1200 25.177 14,343
2000 25.587 15,143
2100 25.977 15,943
2200 26.349 16,743
2300 26.705% 17,543
2400 27.045 18,343
2500 51.884 78,839
2600 52.079 79,335
2700 52.267 79,832
2800 52.447 80,329
2900 52.622 80,826
3000 52.790 81,323
3100 52.953 81,820
3200 53.111 82,317
3300 53.264 82,814
3400 53.412 83,311
3500 53.55%7 83,809



Table B-20

Thermodynamic Properties of Silver Liquid

S AH AG

Temp P o B%(T)-H%(298) ®F¢ t
(K) (cal/mole - K) (cal/mole - K) (cal/mole) (cal/mole)
298.15 6.07 12.153 0 2,457 1,875
300 6.07 12.191 11 2,457 1,871
400 6.17 13.950 623 2,457 1,676
500 6.29 15.339 1,246 2.457 1,480
600 6.44 16.458 1,882 2.,45%7 1,285
700 6.59 17.%02 2,533 2,457 1,090
800 6.76 18.393 3,201 2,457 735
900 8 19.199 3,886 2,457 699
1009 8 20.042 4,686 2 554 500
1100 8 20.805% 5,486 2,631 290
1200 8 21.501 6,286 2,686 74
1300 8 22.141 7.086 0 0
1400 8 22.734 7.886 0 0
1500 8 23.286 8,686 0 0
1600 8 23.802 9,486 0 0
1700 8 24.287 10,286 0 0
1800 8 24.744 11,086 0 0
1900 8 25.177 11,886 0 0
2000 8 25.587 12,686 0 0
2100 8 25.977 13,486 0 0
2200 8 26.349 14,286 0 0
2300 8 26.705% 15,086 0 0
2400 8 27.045 15,886 0 0
2500 8 27.372 16,686 -59,696 1,584
2600 8 27.686 17,486 -59,392 4,030
2760 8 27.988 18,286 -59,089 6,464
2800 8 28.279 19,086 -58,786 8,884
2900 8 28.560 19,886 -58,483 11,297
3000 8 28.831 20,686 -58,180 13,697
3100 8 29.093 21,486 -57,877 16,089
3200 8 29.347 22,286 -57.574 18,471
3300 8 29.594 23,086 -57,271 20,840
3400 8 29.832 23,886 -56,968 23,204
3500 8 30.064 24,686 -56,666 25,560



Table B-21

Indium Reference State

SO(T) HO(T) ~ Ho(zse)
T(K) (cal/mole - K) (cal/mole)
298.15 13.820 0
300 13.860 32.3
400 15.7,3 676
500 19.150 2,160
600 20.43 2,862
700 21.509 3,562
g00 22.441 4,260
900 23.261 4,956
1000 23.9313 5,651
1100 24.656 6,346
1200 25.260 7.041
1300 25.816 7.736
1400 26.332 8,431
1500 26.812 9,126
1600 27.260 9.821
1700 27.681 10,516
1800 28.078 11,21}
1900 28.454 11,906
2000 28.810 12,601
2100 29.15C 13,296
2200 29.473 13,991
2300 29.782 14,686
2400 53.628 70,635
2500 53.862 71,209
2600 54.085% Ty, 777
2700 54.298 72,341
2800 54.501 72,901
2900 54.697 73,457
3000 54 .884 74,010
3100 55.064 74,566
3200 56.2138 75,106
3300 55.405% 75,650
3400 55.567 76,192
3500 $5.723 76,731



Temp
(K)

298.

300
400
500

600
700
800
900
1000

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
2700
2800
2900
3000

3100
3200
33c0
3400
3500

Table B-22

Thermodynamic Properties of Indium Liquid

Cc

P

(cal/mole

s

7.05
7.05%
7.08
7.03

.01
.99
.97
+ 9%
.95

a0

+95
.95
.95
95
- 95

LA - I e

«95
+95
9%
.95
+ 95

oo

.95
+ 99
95
- 9%
.95

-0 N I -

98
«95
.95
+95
«+95

oo™

.95

So

K) (cal/mole - K)

15.507
15.551
17.%79
19.150

20.430
21.509
22.441
23.261
23.993

24.656
25.260
25.816
26.332
26.812

27.260
27.681
28.078
28.454
28.810

29.150
29.473
29.782
30.078
30.361

30.634
30.896
31.149
31.393
31.629

31.856
32.077
32.291
32.498
32.700

AH

HO(T)-HO(298) f

(cal/mole)
4] 738
13 739
718 780
1,422 0
2,124 0
2,824 0
3,524 0
4,218 0
4,913 0
5.608 0
6,303 0
6,998 0
7,693 0
8,388 0
9,083 0
9,778 Cc
10,473 0
11,168 0
11,863 0
12,558 0
13,253 0
13,948 0
14,643 -55,25%4
15,338 -55,133
16,033 -55,006
16,728 -54,875
17,423 -54,740
18,118 -54,601
18,813 -54,45%9
19,508 -54,320
20,203 -54,165
20,898 -54,014
21,593 -53,861
22,288 -53,705%

AG

{cal/mole)

235
232

3.
0

0000

CocCOoOo 0000

0
0
0
1,266
3,620

5.967
8,310
10,646
12,981
15,306

17,625
19,950
22,262
24,574
26,876

f



Table B-23

Cadmium Reference System

SO(T) HO(T) - Ho(298)
T(K) (cal/mole - K) (cal/mole)
298.15 12.38 0
300 12.42 11.5
400 14.24 646
500 15.72 1,310
600 19.48 3,483
700 . 20.57 4,193
800 21.52 4,903
900 22.36 $.613
1000 23.21 6,323
1100 46.551 30,704
1200 46.983 31,200
1300 47.381 31,697
1400 47.749 32,194
1500 48.092 32,691
1600 48.412 33,187
1700 48.714 33,684
1800 48.998 34,181
1900 49,266 34,678
2000 49.521 35,17%
2100 49.763 35,671
2200 49.994 36,168
2300 50.215% 36,665
2400 50.427 37,162
2500 50.630 37,659
2600 50.8214 38,155
2700 51.012 38,652
2800 $1.153 39,149
2900 51.367 39,646
3000 51.535 40,130
3100 51.698 40,640
3200 51.856 41,1137
3300 52.009 41,634
3400 52.158 42,131
3500 52.302 42,628



Temp
(K)

298.

300
400
500

600
700
800
900
1000

1100
1200
1300
1400
1500

1600
1700
1800
1900
2000

2100
2200
2300
2400
2500

2600
2700
2800
2900
3000

3100
3200
3300
3400
3500

(cal/mole - K) (cal/mole - K)

15

Table B-24

Thermodynamic Properties of Cadmium Liquid

-

P

NNNNN NNNNN NNNNN NNNNN NNNNN NN

NNNN

7

.20
.20
.10
.10

.10
.10
.10
« 10
.10

.10
.10
.10
.10
.10

.10
.10
.10
.10
.10

.10
.10
.10
.10
.10

.10
.10
.10
.10
.10

.10
.10
.10
.10
.10

5o

14
14

16.
18.

19.
20.
21,
22.
23.

23

24
25

26.
26.
.270
27,
.018

27

28

28.
28,
.011

29

29.
.603

29

29

31.
31.
3l.
3l.
31.

T
=i

59
18

48
56
52
36
11

.774
24.
.960
.486
25,

392

976

434
864

654

365

695

313

.881
30.
30.
30.
30.

149
407
656
897

130
35%
574
786
992

B-25

HO(T)-H(298) BH¢ AG
{cal/mole) (cal/mole)
0 1.415 714
12 1,415 710
646 1,415 175
1,356 1,461 233
2,066 0 0
2,776 0 0
3,486 0 0
4,196 0 0
4,906 0 0
5.616 -23,673 1,382
6,326 -23,4%9 3,650
7,036 -23,246 5,901
7.746 -23,033 8,135
8,456 -22,820 10,354
9,166 -22,606 12,559
9,876 -22,393 14,752
10,586 -22,180 16,930
11,296 ~-21,967 19,096
12,006 -21,754 21,252
12,716 -21,540 23,396
13,426 -21,.327 25.531
14,136 -21,114 27,65%%
14,846 -20,901 29,773
15,556 -20,688 32,680
16,266 ~-20,474 33,978
16,976 -20,261 36,069
17,686 -20,048 38,153
18,396 -19,835% 40,227
19,106 -19,609 42,305
19,816 -19,406 44,352
20,526 ~-19,196 46,407
21,236 -18,983 48,452
21,946 -18,770 50,494
22,656 -18,55%7 52,528
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Table B-25

e~ Reference State

SO(T) HO(T) - 50(290)
T(K) (cal/mole - K) (cal/mole)
298.15 4.989 0
300 5.019 9
400 6.449 506
500 7.557 1,003
600 3.463 1.500
700 9.229 1,996
800 9.892 2,493
900 10.477 2,990
1000 11.001 3,487
1100 11.474 3,984
1200 11.906 4,480
1300 12.304 4,977
1400 12.672 5.474
1500 13.015% $.971
1600 13.336 6,467
1700 13.637 6,964
1800 13.921 7.461
1900 14.189 7.958
2000 14.444 8,455
2100 14.686 8,951
2200 14.918 9,448
2300 15.138 9,94%
2400 15.3%0 10,442
2500 15.55%3 10,939
2600 15.748 11,43%
2700 15.93% 11,932
2800 16.116 12,429
2900 16.290 12,926
3000 16.45%8 13,423
3100 16.621 13,919
3200 16.779 14,416
3300 16.932 14,913
3400 17.080 15,410
3500 17.224 15,907
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