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Acid-Base Reactions of Transition Metal Alloys:

Thermochemistry of the Base-Rich End
Joseph Henry Bularzik
Abstract

The thermodynamics of binary transition metal alloys, stabilized by
generalized lewis acid-base reactions, were studied within the context

of the Engel-Brewer Theory.

The activity of the base metals was determined from the vapor
pressure measurements of the Pd or Rh in the base-rich end of TiPd, VP4,
NbPd and VRh alloys. The vapor préssures were determined by thermally
induced atomic.emission‘spectroécopy. ihe composition of ghe alloys in
equilibrium with carbon were determined. From the knan thermodynamics
of the metal carbides, the activity was calculated for the acid
metals. Titration curves from the pure base metal to the compositions

in equilibrium with carbon were developed.

The data confirmed the general qualitative properties of the
acid-base reaction. The 4d metals are better acids than ﬁhe 3d
metals. The effectiveness of the acid-base reactlon across a transition
series is determined by the number of d electron pairs available for
donation, the number of empty d orbitals available to accept electron

pairs, the nuclear charge and a crystal field effect.



The data was compared to the regular solution model in an attempt
to represent the solution behavior. More data is needed to determine

the bonding behavior throughout the whole compositional range.

Because of tné refractory properties of these alloys, the methods
of thermodynamic investigation are limited and challenging. The data
from this study is important to confirm the results of therﬁodynamic
investigations of the Engel;Brewer alloys obtained by different

techniques.
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INTRODUCTION

Engel-Brewer Theory

Over fifty percent of the elements are classified as transition
metals. These metals and their alloys are important in an
industrialized technological society. The bonding within these alloys
is n9t well understood, especially wi;h the additional bonding
contributions of d and £ shell elecﬁrons. "Ab Initio"” calculations have
not as yet approached the sophistication to provide this information,
and with so many alléy combinations, enough data can not be collected to
yield a purely empirical model. A model with a thedretical chemical
bans needé to be developed té understand the transition metal alloy
behavior. The Engel-Brewer theory is a valence-bond approach to bonding
in trapéition metals. This. study concentrates on some extraordinary
stability of transition metal alloys, as predicted by the Engel-Brewer

theory.

The valence bond theory is an accepted way to look at bonding in

non-metallic elements.1

In the valence bond theory, the elements keep
their atomic orbitals upon bonding. Unpaired electrons.in the separate
atoms form pairs wiﬁh egéh oﬁher, which creates an electron pair bond.
For example, Cl has the ground state valence electron configuration
szps, and the bonding in Cl, is formed by the electron pair bond of the

lone unpaired p electron of each Cl. Besides bonding of the unpaired



electrons in the ground state valence electron configuration, electrons
may be promoted to make more electrons available for bonding. Carbon,
2.2

with a ground state configuration s“p“ promotes one s electron to a p

orbital. The promotion energy is more than compensated by the

availability of four electons for bonding in the excited state, compared

»
to two in the ground state.

The Engel-Brewer theory applies the valence bond approach to the
transition metals.? From spectroscopic data, the ground state
configurations and promotion energies to excited states are known.3
Examination of the promotion energies to excited states, and their
corresponding electron configurations in regards to the number of
electrons made available for bonding determines the electron
configuration of the condensed phases for the elemental mefals.4 A
correlatidn, first noted by Engel, exists between the number of valence
elecerons and the crystal structure of metale.5 Engel's eorrelation
states that the body-centered cubic, hexagonal close-packed and face-
centered cubic structures, respectively, correspond to the
configurations dn—ls, dn—zsp, and dn_3sp2. The number of s and p
electrons determine the structure, whiie the number of d bonds have a
secondary effect by stabilizing the electron configuration. This is a

reasonable assumption because s and p electrons extend over a long range

1

while d electons are much more localized, having a less significant
effect on the structure. The correlation has been refined to include

the correct prediction for most of the structures of the binary

n-1

intermetallic phases.6 The configurational ranges of d s to 4%

lcSSPO'S dn—lo7sp007 to 'dn—ZGlSplol and dn—ZQSSploS to dn—Bsz

?



correspond to bcec, hcp and fec structufes, respectively. The
correspondance of the transition metals' crystal structures at their

melting points with their electron distibution is shown in Figure 1-1.

The structure of metallic tungsten can be used as an example. The
ground state of W gas is 5d46sz, allowing for the bonding of only four
electrons per atom. The promotion of one electron to 5d56sl allows for
six electon pair bonds. The further promotion to 5d46sp or 5d36sp2 does
not increase the number of bonding electrons, so does not further
stabilize those corresponding structures. Therefore, the bcc structure

of W, found at all temperatures, is correctly predicted.7

The valence states utilized in the Engel-Brewer theory are not

single states. Even in gaseous atoms the states described by an

- electron configuration correspond to a band of energies resulting from

the various combinations of spin and orbital angular momenta of the
electrons. As long as the band maintains the essential characteristics
of the atomic valence state, such as its d character or p character, it

can well be described by that atomic valence state.

Electric and magnetic properties of metals rely on the density-of-
states at the Fermi lgvel. The understanding of these properties depend
on the detailed knowledge of the density of states at various energy
levels, so that a molecular orbital approach using an electron band
model is necessary. Fortunately the bonding energy relies on the
integration over all the occupied states within the band. Therefore,

the valence bond approach described by the Engel-Brewer theory is useful



in understanding the structures and thermodynamic stabilities of the

phases of metallic systems.8

The Engel-Brewer correlation has been used to estimate the bonding
energies of the s, p and d orbitals. The experimental promotion

energies and enthalpies of sublimation were used in a Born-Haber type

calculation to determine the bonding energies. The bonding energies of

the 5s and Sp electrons were determined from the known bonding energies
of Sr and Cd, which have no d electron contribution. The bonding
energies of the 5s and 5p electrons for the 4d metals were then
estimated by assuming a non-linear yet smooth variation through.the .
transition series. The bonding energy of the d orbitals was determined
for each structure by subtracting the s and p contributions. The |
characteristic curve is shown in Figure 1-2. The curve can be used to
predict the bonding in yet unobsérVed phaseé of a metal with-either ;he

hecp or becc structure.8

The average d electron bonding energy decreases with an increase of

the number of d electrons, up to five, then increases again as the d
orbitals are further filled. The decrease is due to the interference
between the d bonds as the number of bonds increase. The average
bonding energy is also decreased due to a crystal field effect. In a
non-spherically symmetric field, the d orbitals split in energy, with
the higher energy orbitals more extended in space. At the start of the
transition series the d electrons will go into the orbitals most
extended in space, and with the highest bonding energy. The next

electrons fill orbitals with lower bonding energies. Past five

-



pe

electrons, where some of the electrons are internally paired, the number
of d bonds decreases while the average energy increases. The paired
electrons will occupy the most contracted orbitals, increasing the

average bonding energy of the remaining orbitals.

Generalized Lewis Acid-Base Reaction

An additional interaction should be considered when describing the
bonding in binary alloys of an early and late transition metal.
Extraordinary thermodynamic stability has been observed for many of

9

these alloys. Within the context of the Engel-Brewer theory, these

results have been explained by a generalized Lewis acid-base reaction

between the metals.

The Lewisbacid definition is an:accepted way to view én acid—base._
reaction.10 The defined characteristics of an acid and base are,
respectively, the ability to accept and donate an electron pair during
bond formation. An example is the reaction between ammonia, a base, and
boron trifluoride, an acid. Upon bonding, an unshared pair of electrons
of the ammonia is accepted by an empty orbital of the boron to form a

covalent bond. This reaction is illustrated below.



The Lewis definition cén be applied to the bond formation in
transition metal alloys. The reaction of Pd with Zr, shown in Figure
1-3, is given as an example. Zr has a Sslad3 electron configuration in
the solid state corresponding to the bcc structure. One s electron and
three unpaired d electrons ére available for bonding. The Pd has a
5315p24d7 electron configuration in the solid state corresponding to the
fcc structure. For Pd only the three s and p and three d electrons are
available for bonding because the other d electrons are internally
paired. The bonding between the Zr and Pd, such as in a ZrPd alloy,
consists of two s and p electrons and three d electrons on average per
atom. A total of ten electrons are used in bonding in a ZrPd alloy

pair.

If an acid-base reaction occurs betweeﬁ metals, the bonding will
change. .Two pairs of d elecﬁrops of the Pd are dqnatéd to the Zr empty
d orbitals. The excess stability of these alloys can be seen by an
increase in the number of electrons forming bonds. After the acid-base
reaction, the ZrPd alloy has two s and p electrons per atom bonding,
which is the same in the alloy when no acid-base reaction occurs. The
number of d electrons forming bonds increases to five per atom on
average, counting the donated Pd electrons. A total of fourteen
electrons are used in bonding in a ZrPd pair that has undergone a Lewis
acid-base reaction. The donation of the electron pairs to form bonds is
not meant to suggest a large negative formal charge on the acidic
metal. Within the context of a lewis acid definition, no ions are ever
formed. The excess electron density on the acidic metal can be

compensated by back-bonding, a mechanism observed in the bonding of

s



electron donating ligands with transition metals.11

Many unanswered questions remain before this interaction is
understood well enough to derive a theory to quantitatively predict the
thermodynamic properﬁies in the various alloys. What is the energy
contribution of the acid-base bonds compared to the bonding of the
unpaired electrons? What are the major factors determining the
differences among these donated_bonds: energy levels, number of possible
donating pairs, number of empty accepting orbitals, atomic number and

shielding effects of other electrons, or even a crystal field effect?

Literature Search

There is not much literature information. The present data
contributes to qualitatively determine the important aspeéts of the
thermodynamics of transition metal acid-base reactions. Gibson gives a

good review over most of the available literature.12

The qualitative trends across a transition series have been
investigated. Wengert has shown with various Zr alloys that the
platinum group metals are the most effective bases. Figure 1-4 shows
the excess partial Gibbs free energy at infinite dilution of Zr with a
range of base metals, depicting the maximum stability occuring with the

platinum metals.13

14

Cima compared the effectiveness of Pd and Rh as bases with Nb by

electrochemical cell measurements. The activity of Nb is lower in the



Pd base-rich alloy due to the presence of the extra pair of d electrons
of Pd. This orbital's enhanced basicity is attributed to crystal field
splitting. The crystal field effect splits the degenerate d orbitals.
The second set of paired d electrons of the Pd is in a more extended
orbital than its first set of paired d electrons or the only pair of d
electrons of the Rh. The further extension makes the Pd electron pair
more available for donation, increasing the basicity of Pd over Rh. At
higher acid concentration the Nb activity was lower in the Rh alloy.
The greater nuclear charge én the Pd contracts its orbitals more than
those of Rh. The further extension of the pair of d electrons of the Rh
enhaﬁces its effectiveness in acid-base bonding as compared to the most
contracted pair of the Pd. The éompeting effects of crystal field
splitting and nuclear charge are demonstrated by the crossing of the

activity of Nb with various concentrations of Pd and Rh.

Qualitative trends haye also beeﬁ determined going down an
elemental tamily. The interaction becomes greater as the energy level
of the electrons increase from the 3d to 5d level. Table 1-1 shows
comparisons of the activities of some alloys within the same families.
The 5d alloys consistantly demonstrate equal or higher stability than
the 4d or 3d alloys. This result is explained by the difference in the
real space extension of the orbitals. The 5d orbitals extend further
out from the closed shell than 4d orbitals and thus allow for greater
overlap to form more stable bonds. Additionally, the 3d orbitals are so
contracted, illustrated by the 3d metals' magnetic properties, that they

do not undergo significant acid-base reaction.

-4



Some of the alloys of Ti, V, and Nb with Pd and Rh are investigated
in this study. Besides the work already cited by Cima and Gibson,
Choudary et al. have investigated the thermodynamics of TiPd élloys by
Knudson cell vapor pressure measurements using a mass spectrometer.17

This work will be compared to. the present study later in the discussion

section.

Kleppa has recently developed a new experimental method, high
temperature mixing calorimetry, suitable for therméchemical studies of
maﬁy refractories, originally used to determine enthalpies of formation
of transition metal borides and silicides.lsl The method is also
applicable to highly refractory metal alloys. The heat of formation of
the stoichiometric intermetallic compounds of Ti, Zr and Hf with Pd and
Rh have given further iﬁsight into the bonding relationships of these
alloys. The equiatomicth compounds have a larger négétive enthalpy of
formation than the Pd compounds. In both families there are increasing

negative enthalpies of formation in the sequence TiX < ZrX < HfX.19

X-ray photoemission spectroscopy may be another way to probe the

20

bonding in these alloys. Many of the transition metals, their

carbides21

and intermetallic compoundszz’23 have been investigated. In
Ydex, alloys with possible acid-base interactions, a strong band
narrowing is observed with decreasing Pd content, leading to a large
reduction in the bandwidth compared to pure Pd metal.24 Band narrowing

justifies a more atomic~like description of the bonding within these

alloys.
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Theoretical linear-combination—-of-atomic-orbital calculations have
been performed for the YPd molecule.25 The calculations attributed the
chemical bonds to donation of charge from the filled do and dIl orbitals
of the Pd atom into the empty or partly filled do and sIl orbitals of the
Y dtom, and a back-donation of charge from thé filled 5s orbital of the
Y atom into the empty 5s orbital of the Pd atom. This bonding
description is the same accorded to the generalized Lewis acid-base

reaction.

Because of the refractory properties of the Engel-Brewer alloys,
the methods of thermodynamic investigation are limited and challenging.
Special calorimetric techniques are needed because of the difficulty in
burning‘or dissolving the alloys. ‘The oxide and carbide equilibrations
are difficult because of the long‘equiiibratiqn time and the limit of
poséible data'points. Emf measﬁremehts,.wﬁidh give the most precise
information, often have systematic errors. The thermodynamics should be

investigated by several methods to insure the accuracy of the data.

Information on the thermodynamics of extraordinary stable alloys by
vapor pressure measurements and carbide equilibration methods will be
determined in this study. With more data, hopefully, the bonding
mechanism will be clarified and a theory formulated to prgdict the

thermodynamics of other acid-base reactions.
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TABLE 1-1

The variation of the strength of a base within a family of compounds

Alloy d Levels T (K) Base Activity Reference
TiPt (20%Ti) 3-5 1300 ape = 2.6 X 10712 15
ZrPt (23%Zr) 4 -5 1300 apy = 6.5 X 10716 16
HEPt (23%Hf) 5-5 1300 ap = 7.9 X 10717 16
. _ - -1
. - _ -2 ;
Zrpdy 4 - 4 1955 apg = 3.0 X 10 12

' - -2
HEPdy 5 -4 1955 apg = 3.0 X 10 12
o | ~ et = 1.0 -1
Nbedy 4 = 4 1761 apg = 1.0 X 1071 12

- -2
TaPd, 5 -4 1808 apg = 4.0 X 10 12
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Ti

Sc Cr Fe Co [ Ni | Cu
3d2 | 3¢ | 34*° | 3d° | 34° | 34" | 34° | 34 | 34°
4s! §s! 4s! s 4s! 4s! | 4s'4p?| 4s'4p? | 4s'4p?
bec bee bece bee bee hee fce fee fee
Y Lr Nb Mo Te Ru Rh Pd Ag
ad®> | ad® | ad* | ad® | 4d® | 4d® | 4d° | 4d” | 4d°
5s! 5s! 5s! 5s! | 5s!5p!| Ssi5p | 5s'5p2| §s'5p% | 5si5p?
bee bce bee bece hep hep fee fce fee
La Hf Ta w Re | Os Ir Pt | Au
54> | 54° | Sd* | 5d° | 5d° [ 54° [ 54° | 54’ | -5d°
6s’ 6s' | 6s! 6s' | 6s'6p*| 6s' 6p' | 6s' 6p?| 65! 6p2| 6s' 6p>
bee bce | bee bee hep hep fee fece fce
Figure 1-1

The transition metals are shown along with their electron configurations

and corresponding structures near their melting points.
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Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
L L L T T L

:3() — —
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<
S 20 -
©
Q
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o 10 ‘ —
~N
g X hcp
— ' o bce —_
ol 1 vy

o | 2 3 4 5 4 3 2 I 0

No. of unpaired 4d electrons per atom

Figure 1-2

The top curve shows the bonding energy in kilokelvin per mole per
electron of the 5s and Sp electrons for the elements in the 4d row. The
lower curve shows the average energy due to bonding of the 4d electrons
for the elements in the 4d row also as a function of the number of

unpaired d electrons. This diagram was provided by L. Brewer
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i 15s! 5p1

NIRRT
Ires Pdos

Figure 1-3

Representations of the electron configurations of Zr, Pd and the average
configuration of an atom in the ZrPd alloy are shown. On each atom the
upper four boxes represent one 53 and three S5p orbitals, and the lower
boxes represent five 4d orbitals. Electrons are shown as arrows with

their relative spins depicted by the arrow's direction.

»
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Figure 1-4

76 n 78 79

A lower limit of the excess partial molar free energy in kilokelvin per

gm-atom of Zr at infinite dilution with the basic 4d and 5d transition

metals are shown at 1800 K.

This diagram was provided by L. Brewer.
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THEORY

Vapor Pressure Measurements

This investigation of the thermodymanics of generalized Lewis acid-
base transition metal alloys mainly consists of vapor pressure
measurements. The vapor pressures of the base components of the binary
alloys have been determined by thermally induced emission
spectroscopy. The vapor pressuré measurements were performed in a King
furnace, a closed system with a constant temperature region, to allow
for the equilibration of a condensed alloy with its vapor. The ratio of
‘the partial pressure over(the alloy compared with the vapor pressure
over the pure element gives the activity of that component in the alloy,

thus providihg a measurement of their relative bonding.

The chemical potential of a speciés A is identical in all phases

that are in equilibrium.
A (phase 1) = Mp (phase 11I) (2-1)

This relationship allows for the measurement of the chemical potential
of species A in a condensed phase by measuring the chemical potential in
its equilibrated gaseous phase. The chemical potential of a gas is
related to its fugacity and can be well approximated by its partial

pressure at low pressures.
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Ma(gas) = RT In f, = RT In P, (2-2)
The difference in chemical potentials in two phases is calculated by the
ratio of the partial pressures of component A in an alloy over its

standard state phase.

alloy _ o _ . -alloy oy alloy o -
Wy Wy = RT In ( £, /fA)_RTln(PA /PA) (2-3)
u = chemical potential

R = gas constant

T = Temperature (K)

f = fugacity

P = partial pressure

The activity (a) of the compdnent is calculated:from the difference of

the chemical potentials.

o _ alloy _ o _
RT 1n a, My My (2-4)
A simpler calculation of the activity, assuming the gas behaves as a

perfect gas, is from the ratio of partial pressures.

. palloy o 9
NEAN N (2-5)

The standard state chosen for this study is Raoult Law standard state
where P°A is the partial pressure of A in equilibrium with the pure

condensed phase A.l



20

The partial pressures were measured by thermally induced emission
spectroscopy. The intensity (I) of the recorded spectra in mV is.
determined by the number of photons hitting the photomultiplier,
proportional to the number (n;) of atoms in the excited state emitting

at the recording wavelength.
I « ni (2’6)

Several factors prevented the measurement of the absolute vapor
pressure, limiting the measurements to relative pressures. The measured
pressure is dependent on the geometry of the optical system and length
of the emitting vapors. These factors were kept constant, but were not
exactly known. The intensity is also dependent on other factors such as
-the oscillator $trength of the emission lines.? The Einstein'-
Boltzmann equation for the intensity of a spectral line can be written

in the following form.

(2-7)

z
[

particle density

partition function

O
]

Planck's constant

>
"

K = Boltzmann's constant

g statistical weight of upper state
e/m = specific charge of the electron

A = wavelength of the spectral line
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f = oscillator strength

The oscillator strengths of the Pd emission lines are not well known,
with only one.source for many of the Pd oscillator strengths.2 Other
studies have determined different oscillator strengths for some of the
Pd transitions,3 and the main study has been shown to give erroneous
values for other elements.4 Yet because the activity is a ratio of the
partial pressures, as long as both the alloy and pure element are ‘

measured under the same conditions, relative pressures will yield

information as useful as absolute pressures.

The emission line intensity gives the relative number of atoms
emitting from the excited state corresponding to that wavelgngth. The
total population, which varies from the individual state populations at
different temperaturés isuﬁeeded, not just the population of one
state. The cortesponding total number of atoms (N) can be found from
the population of one state by the use of the partition function (Q) and

the Boltzmann principle.5

_ oy 0
N = (2-8)
. e (Ei/KT)
i
where
. T
Q = g e 5/ KD (2-9)
N = total population

number of the state

'-d.
]
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ny = population of the state i
g4 = number of guantum states of equal energy
g =(2J+1)

€; = energy level of state 1

The spectral data of Pd up to the energy of 3000 cm-1 is given in
Table 2-1.% The contribution to the partition function of each energy
level is shown in Table 2-2. The valugs are tabulated from 1900 K to
2500 K in 100 degree intervals, covering the useful temperature range of
this study. Table 2-2 indicates that the contribution of all the levels
above 11721.7 cun™ ! are insignificant for.this temperature range. The
partition function can then Be calcﬁlated over the limited sum of levels
from 11?21.7 cn~! down to the ground state. To obtain the partition
function for any temperature in this range the values weré fit with a

guadratic equation.
Q = 1.343 - 4,701 X 1074 T + 1.702 x 1077 12 (2-10)
Both the calculated and fitted values are shown in Table 2-3

With the value of the partition function the relative gas

population can be found from the population of one state. Assuming at
the experimental preséures that the metallic vapors act like an ideal

gas, relative pressures are found using the ideal gas law.

PaNT (2-11)
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Substituting equation (2-6) into (2-8) and then into equation (2-11),
the relationship of the measured intensity to the relative pressure is

found.

1 QT
P a (2-12)
g, e Tei / KT)

The partial pressure measurements are the basis of the
thermodynamic values, giving the activity of the alloys. Since each
experiment is not run at the same temperature but within a range, the

Clausius Clapeyron equation.7

dp A
ar = Tav (2-13)

is used. Assuming the enthalpy does not vary with temperature over a
small temperature range, the equation can be written as a linear

Plotting log P versus 1/T gives a straight line with the(slope equal to
the enthalpy of vaporization. The difference between the line for the
log of the pressure over the elemental metal compared to the line for
the pressure over the alloy directly gives the log of the activity of
that compound in the alloy. This relationship can be seen by taking the

log of equation (2-5).

alloy _ o _
- log a, = log PA. Log PA (2-15)



24

Carbide Equilibration

Another method of investigation used to calculate the activity of
the metals within highly stable binary alloys is carbide
equilibration. This method consists of equilibrating an alloy with

graphite to form a carbide phase with one of the metals.

The Phase Rule8 states that with three components at a fixed
temperature and pressure, three phases of fixed composition can be in
equilibrium. By use of equation (2-1) the chemical potential of a
component in any phase is identical to the chemical potential of that
component in any other phase. Because of the‘relationship between the
chemical potential and the activity, as shown in equatioﬁ (2-4), the
‘activity of any coméonent is also equal in all equilibrated phéses.
Therefore, the activity in the alloy can be found by calculating the

activity of that metal in the carbide phase.

o‘Icia.rbide - OIilloy (2-16)

The equilibration of a TiPd alloy with carbon is used as an
example. A representative ternary phase diagram, Figure 2-1, shows the
relationship among Ti,‘Pd and C at 2100 K. The complete solution
between the molten metals Ti and Pd is indicated along the binary edge, °
also the stable TiC phase is shown. No stable phases occur along the C
- Pd binary. The ternary tie lines outline a possible ternary phase

region of C, TiC and a soluton of Ti and Pd with a composition X.



From equation (2-16) the activity of Ti in the TiPd alloy of
composition X is equal to the activity 6f the Ti in TiC at 2100 K. For

the formation of TiC:
Ti + C = TiC (2-17)
the Gibbs free energy of formation is:
860 (£iC) = = R T In ( opy g api ) (2-18)

Both the pure C and TiC are present in equilibrium with the alloy of
composition X, defining their activities as essentially unity. The
activity of the Ti in the carbide.phase is directly found from the

energy of formation of the carbide

AG; (TiC) |
%ri T (_W—) (2-19)

e

The literature values for the AG°f for the carbides of V, Ti and Nb are

given in Table 2-4, along with references.

25
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TABLE 2-1

Pd — Electronic Energy Levels

Level (cm_l)

27

Configuration Designation J

4410 lg 0 0.00
4d%5s 3p 3 6564.11
2 7754.99

1 10093.94
" 4d95s Ly 2 11721.77
4d85s2 3F 4 25101.1

3 28213.5

2 29711.0



TABLE 2-2

Energy Level Partition Function Contributions

Partition Function Contributions
Level (cm™ 1) ge—(E/KT)
g (2J+1) Temperatures K

1900 2000 2100 2200 2300 2400 2500

0.00 1 1 1 1 1 1 1 1
6564. 1 7 0486 .0623 L0779 .0957 1153 .1367 .1601
7755.0 5 0141 L0189 .0246 .0314 .0391 .0478 .0576
10093.9 : 3 .ooiA_-.0021 .0030 .0041 .0054 .0071 .0090
11721.8 5 0007 L0011 .0016 .0023 .0033 .004h .0059
25101.1 9 all less than 4.79 X 107°

28213.5 7 all less than 6.12 X 1077/

29711.0 5 all less than 1.88 X 1077



TABLE 2-3

Variation of Partition Function with Temperature

Temperature K

1900
2000
2100
2200
2300
2400

2500

Q calculated Q fitted
1.0647 1.0650
1.0844 1.0840
1.1071 1.1070
1.1335 '1.1330
L.1631 1.1630
1.1960 1.1960
1.2326 1.2320

29
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TABLE 2-4

AG°f For The Metal Carbides

2200 K
Carbide AG°¢ Reference
Kcal/Mole
TiC 3646 - 9
—3697 ].O
NbC —3107 A 9
-32.0 10

Ve . -22.4 10
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Carbide Equilibration

Figure 2-1

The partial ternary phase diagram of Ti, Pd and C is shown. Tie lines
are drawn to represent a possible three phase region, where the activity

of the Ti is equal in all three phases.
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EXPERIMENTAL EQUIPMENT AND PROCEDURE

The King Furnace

A 'King' graphite resistance furnace originally described by

Jenkins, Gilles and Brewer,1

2

with modifications over the years described
by Hicks® and Hagan,3 shown in Figure 3-1, was used for the vapor
pressure measurements. A 30.48 cm long graphite tube with a 1.27 cm
bore was used as a heating element, see Figure 3-2. The tube was
tapered from an outer diameter of 2.197 % .013 cm in the center, to a
minimum of .1.905 + .013 cm at 7.62 cm from each end, resulting in a

15,24 cm constant temperature hot zone. The 7.62 cm ends had an outer

diameter of 2.223 £t 013 cm.

The tube is supported by split gfaphite brushings held by massive
copper electrodes, all encased in a vaccuum.tight brass chamber. The
furnace is cooled by four water lines; one throqgh the copper
electrodes, one covering the outer barrel, and one at each end

encircling the windows.

The heating tube is surrounded by a graphite heat shield, which is
enclosed in five concentric heat shields held on a graphite spool. The
outer shields were machined from porous graphite, with each shield
having a 0.159 cm ridge at each end. Each set of ridges is offset from

the previous shield by 1.27 cm. The ridges minimize the physical
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contact and heat transfer between the shields.

The windows made of quartz glass are 0.159 cm thick and 4.128 cm in
diameter, heid in place by viton O-rings. Shutters consisting of a
~ copper holder and a thin steel door were positioned directly inside each
window. The doors could be opened or closed by manipulating magnets
outside the furnace. The shutters were kept closed, except when
recording an emission spectra or taking a temperature reading, to

prevent vapor deposition on the windows.

The heating tubes, sample boats and baffles, shown in Figure 3-2,

4 to ensure good thermal

were all made of very dense ECV grade graphite
and electrical conduction. 'The boat, either 1.26 or 2.00 cm long, was
placed in the middle pf the hot ZOneAand used as the primary source of
température measurements.  To define the cut-off end of the hot zone, a
paffle was located at the end of thé hot zone at the side of the tube
nearest to the spectometer. No baffle was placed at the other end of the
tube because of its reduction of the viewing area for temperature

readings. A second baffle was put at the very end of the tube to cut

down on extraneous light emitted by the walls of the tube.

The Optical Set-up

The optical setup can be seen in Figure 3-3. The system consists

of a furnace as the emission light source, a set of lenses and pinhole
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stop, a spectometer, and a photomultiplier to analyse the spectra. The
focal lengths of the lenses were determined by measuring the focal
distances of illuminated cross hairs through the lenses. The furnace,
lenses and pinhole stop were aligned with a HeNe laser. The laser beam
was directed backwards through the spectrometer, then the furnace and

lens track were adjusted to lie along the beam.

Lens A focuses the light from the tube on to the stop. At the stop
a circle of light is visible representing the emission from the walls of
the furnace. Half of the inside of the circle is also bright from the
emission from the sample boat. The other half is dark, only
transmitting the light from the vapors in the tube. The stop has a 0.05
cm pinhole positioned in the darkened half of the circle to trausmit the
light. Lens B focuses the light allowed through.the pinhole onto the

entrance slit of the spectrometer.

The spectrometer used is a Jarrell-Ash 1.5 meter Fastie two mirror
spectrogragh - (series_75—100),5 The useful wavélength range is 1900 A
td 11000 A, with a £/14 aperature ratio, and an optimal resolution of
0.3 A. The entrance and exit slits are set at 230 p and 170'u
respectively, large enough to encompass the whole emission line of a
metallic vapor. Under these conditions the total area of the emission.
peak.is recorded within the height of the measured spectral line. The
choice of the slit widths were decided upon after observing the

variation of the peak response to the variation of the slit widths.6
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The grating is driven by an electric gear box with readings of 0°
to 40° with a readout of 0.01°. The grating angle had to be calibrated
with spectra of known wavelength to determine the relationship between
the angle reading and recorded wavelength. One reference wavelength was
the HeNe laser with a wavelength of 6328 A at a gratingﬁangle of
22.45°. Initially the other reference was a Hg lamp. The wavelengths
and corresponding grating angles are given in Table 3-1 along with the
best fit least square quadratic and its calculated wavelengths. This
relationship was used to identify the various.peaks of the spectra of

the metal vapor.

Since the best reading with the quadratic formula over the range of
12° to 22° does not give an estimation better than 1 A, a linear

equation:
A = 283.31 8 + 35.06 (3-1)

was used in the range 0 = 12° to 6 = 16° to identify the peaks, giving a
tit good enough for peak identification. Over the three years of taking
spectra, the relationship between the grating angle and wavelenggh
slightly changed by a constant value. This occurred because of a slight
change in the angle reading gear on the grating shaft, consequently the

linear equation was periodically checked and adjusted. -

An EMI (9789QB)7 end-on window photomultiplier tube was used to
measure the spectral intensity. The photomultiplier tube has 13 CsSb

dynodes in a venetian blind configuration. The cathode has an effective
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diameter of 1.0 cm with a sensitivity to 'white light' of 50 pA/lm and a
typical maximum quantum effeciency of 27%. The tube has quartz windows
and follows the spectral respouse curve shown in Figure 3-4. This
response limits the selection of measureable wavelengths to a range of
3000 A to.SOOO A. The effect of the spectral response is noted by the
measurement of the blackbody emission off of the walls in the furnace.
Due to a combination of the natural emission curve of a blackbody and
the sensitivity of the photomultiplier, the maximum emission intensity
of a black graphite plug in the King furnace at 2250 K is recorded at
about 5100 A not at the natural peak of about 13000 A for a blackbody.

A comparison of the natural blackbody emission and the recorded emission

of a blackbody using the experimental set—up is shown in Figure 3-5.

The photomultiplier tube. has a typical gain of 1 X 108 A/lm and an
EMI VA.OL amplifier7 was used, increasing the recordea intensity by a
voltage gain of 100X. An EMI MFA magnetic lense assembly7 was employed
to reduce the dark current through a defocusing of photoelectrons
emitted from ;reas of the photocathode which are extraneous to the
signal area. The whole photomultiplier tube assembly was enclosed in an
EMI RF1/B-289F PMT housing unit,7 providing electrostatic and magnetic
shielding at the cathode potential. The housing unit was light-tight
sealed at the end-on position around the exit slit of the
spectrometer. A Houston Instrument series 4500 Microscribe8 strip chart

recorder was used to display the spectra.
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Temperature Measurements

Temperature measuremént is a very critical factor in the vapor
pressure determinations. The temperature was measured with a Leeds
Northrup optical pyrometer.9 The pyrometer was calibrated against
another Leeds and Northrup optical pyrometer which was calibrated by the
National Bureau of Standards using the 1968 Temperature Scale, see Table

3—20

For both the low and high ranges, the pyrometer gave the same
readi&gs as the NBS standard and are given uncertainties of +5° and 8°
respectively by the manufacturer. The X;high range had consistantly
high readings compared to the standard. This was confirmed by internal
compafisons with‘the overlapping'temperatqres of the high and X-high
ranges. The X-high readings were consistantly ébout 10° to 15° higher
than at the high setting. Consequently,-all readings from the X-high
range were decreased by 10°. The uncertainty given by the manufacturer

was +15° for the X-high setting.
g

The temperature readings were taken from the ends of the graphite
boats during the vapor pressure measurements because the focus was much
simpler than on the sides of the tube. Many heating runs were taken to
obtain the temperature profile of the tubes. Several different sized
pieces of graphite were inserted in a graphite tube, arranged so they
each could be viewed from one end of the tube. As the temperature was

increased or decreased, the temperature was recorded from each graphite
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piece. Initially a temperature differeﬁce could be detected due to the
different heating rates along the tube. Once a steady state temperature
profile was reached, all the pieces within the central portion of the
tube gave the same temperature readings within the pyrometer's

v uncertainty. Any piece in the thicker-walled ends of the tube gave
drastically lower temperatures. These readings confirmed that the tubes
have a good coanstant temperature region in which vapor pressures can

reach equilibrium with a sample placed within the region.

The température of the side of a boat was compared to a graphite
plug with a 2.54 cm deep 0.300 cm diameter hole. No difference could be
detected between the temperature of the hole and the boat, showing that
the readings are good blackbody approximatiéns and that no corrections
are needed for the emissivity of the boats. Further evidenc; of the
accufacy of Ehe tempefaturé‘measuremgnts‘is given by tﬁe melting boint

determinations of the metals as seen in the results.

A correction had to be calculated for the transmission of the
quartz window. The intensity of a tungsten filament lamp was measured
through the furnace and optical set-up. A comparison between when a
quartz window was on or off the furnace gave the percent transmission of
the quartz windoq at various wavelengths, see Table 3-3. This data

10,11

agrees with Olson. A temperature correction is calculated using

Wien's Law,lz

/T - 1/Ty = A/Cz Int (3-2)
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T = true temperature
Ty = measured brightness temperature (at X)
A = wavlength
C) = second radiation constant

T = transmittance
With the transmittance a relative constant value of approximately 0.922

throughout the experimental wavelength range, the correction on the

measured temperature for the quartz window is:

1/T = 1/Tg - 4.78 X 107° (3-3)

Alloy Production

A list of all the starting material is given in Table 3-4. All of
the alloys were arc-melted in a water-cooled copper hearth with a
tungsten electrode under a Ti-gettered argon atmosphere. Each pellet
was flipped several times to insure good mixing. After arc-melting the
alloys were usually annealed at 100° - 300° below their melting points

for several hours.

Some of the alloys were made during this study, while others were
made by previous co-workers. Therefore the annealing time varies for
the samples. As long as the samples were sufficiently flipped while

arc-melting, annealing is not important for good homogeneity. Annealing
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is important in crystal formation of the equilibrium phases, but did not
effect the bulk homogeneity in this study. The list of alloys, when
they were produced, their annealing time and weight loss during the arc-

melting and annealing process are presented in Table 3-5.

Alloy Analysis

The samples, small arc-melted buttons, were sectioned with a
diamond saw. Because of their hardness and long cutting time required
some samples were sectioned using an EDM. Sometimes during the
annealing process a thin oxide coating would form on the acid-rich

alloys, which was removed by sanding.

The samples were all checked for homogeneity both optically and by
energy dispersive X-ray analysis (EDAX). A scanning electron microscope

13

made by the AMR corporation - with a drifted lithium silicon X-ray

L4 was used for the analysis.

detector made by Kevex Corporation
Quantitative analysis of the compositions of the alloys were obtained by
comparing the characteristic emission peaks from each element. Spectra
were obtained from 0.0 to 10.24 KeV with a resolution of 10eV/ch. The
silicon escape peaks and background Bremstrahlung radiation emitted from
the alloy were removed from the X-ray spectra using Quantex Ray

L4 The Quantex Ray analysis did not give reliable quantitative

software.
results for the composition of the alloys. Cimal? has developed a

method for obtaining reliable results from the relative X-ray emission

intensities of the components in the alloys.
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Cima's method involves making a series of standard alloys of known
composition to be used as a reference for analysing unknown alloys. The
relative intensity of the characteristic lines of each component in the
binary alloy is measured. The relative intensity is defined

1
R = A,alloy (3_4)

+
IA,alloy IB,alloy

The relative intensities of a component are plotted as a function of the
atomic percent of that element. This curve is then used to determine
unknown compositions from the measurements of their relative
intensities.
A one parameter equation based on Ogilvie'slb quasi-empirical
technique for determining calibration curves for multicomponent alloys
was developed to model the relationship between the relative intensity
and mole fraction.

X, (a,, X, + X,)

A BA A B

A XA (aBA XA + XB) +A XB(aAB XB + XA)

Xy 1s the mole fraction of component N. aym 1s a constant dependent on
the effects of electron loss per unit depth of penetration and back
scattering efficiency of the species, the molecular weight, the take off
angle of the spectrophotometer, the beam voltage and the mass absorption
coefficient of the X-ray line of one species dissolved in the other.

See Cima's thesis for a detailed derivation. All of these values are
available except for the one parameter, A, which 1s obtained from the

standards.:
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For this study the samples made for the vapor pressure measurements
were used to develope the standard curve. While measuring the relative
intensities of each sample, the homogeneity was was checked by measuring
the intensities from different sites on the prepared alloy section. The
relative intensities of the standard samples for the binaries TiPd, VPd,
NbPd, and VRh are shown in Tables 3-6 through 3-9, respectively. A

graphical presentation of the data is shown in Figures 3-6 through 3-9.

EDAX was used to analyse the samples after a vapor pressure run.
Any variation due to loss by vaporization or to a reaction with the
crucible was detected by the change in relative intensities as compared

to the standards.

Vapor Pressure Measurements

Vapor pressure measurements were carried out in the King furnace.
For each measurement (run) a sample was weighed along with a carbon
(graphite) boat, then placed in the center of a heating tube. The
batfles were then inserted in the tube. The furnace and tube were
placed under dynamic vacuum overnight, keeping the pressure at < 20
microns. A mechanical pump and chermocouple pressure gauge were

sufficient throughout the experiments.

Each sample was put through a heating cycle to degas the tube. The

furnace was tilled with approximately 100 torr of Ar and the temperature
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was raised to about 1300 K over a 15 minute interval. The furnace was
evacuated for 5 minutes while the furnace power was still on. When the

power was turned off the vacuum was kept on until the furnace cooled off

and the pressure again fell to < 20 microns.

For each vapor pressure run the same proceedure was always
followed. The system was backfilled with about 100 torr of Ar. The
furnace was then heated to 1300 K within 15 to 20 minutes, then raised
slowly. When the temperature approach the suspected melting point of
the sample, the temperature was allowed to equilibrate, then very slowly
raised while being recorded with a pyrometer. The melting temperature,
or a small temperature range in which the metal melted, was recorded by
observing the phase change of the part of the metal that was positioned

sticking above the sides of the boat.

Once the melting point was recorded, the temperature was again
increased more rapidly until it approached near the value of the vapor
pressure measurements, At.the designated temperature, the power was
kept steady to allow the temperature to equilibrate. During the time
the temperature was leveling off, several emission measurements were
taken of one spectral line. The temperature usually reached a constant
value before the emissions reached a maximum. The temperature and
intensity readings each became constant within 15 to 20 minutes,
indicating the system had reached equilibrium. All relevant spectral
line intensities were recorded by scanning over the wavelength interval
of interest. The temperature was checked after the intensity

measurements to insure no deviation from the constant temperature.
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Again the temperature was raised to a new value for another vapor

pressure measurement.

Only three to four measurements were run for each sample. The
samples were kept above their melting points for a maximum of about 100
minutes, and generally not more than an hour. If the alloys were
allowed to remain at high temperatures for an extended period, a
significant amount of vapor would tend to condense in the cooler parts
of the furﬁace, and the amount of that metal in the sample would be
depleted. This sample loss would be most crucial if one component had a
much larger vapor pressure, so the loss would be primarily from one
componént and change the composition of the alloy.

When the intensity measurements were completed, the power was
abruptly discontinued, quenchiﬁg the samples. The temperature would
fall from the high temperature range of 2150 - 2300 K down to 1000 K
within five minutes, pfeserving the high temperature composition for
analysis after the ruﬁ. Between e;ch run the tubes were cleaﬁea out.
First the tubes were physically cleaned to detect and remove any large
alloy deposits. Then the empty tubes were heated in the furnace to
vaporizé and condense out any small amount of metals left in the tube.
The tubes were heated to 2500 - 2600 K for several hours. Each tube was
then checked for any characteristic emission of the alloyed metals. If
any emission was observed in the experimental temperature range, the

tube was further heated.
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This cleaning method removed all traces of the base metals Pd and
Rh. This is important because the measured intensities were from the
base metal emissions. When the tubes were new as well as after all
cleanings, a small emission could always be detected from the acidic
.metals Ti and V. These metals form refractory compounds with carbon.
The tubes were never sufficiently heated to remove all traces of the
carbides. The measurements of the Ti and V above an alloy were often
smaller than within an empty tube. The intensity readings were so small
that they did not represent any real data. Throughout the experiments
only the intensity measurements from the base metals were recorded and

reported here.

Carbide Equilibration

The carbide equilibration experiments were run as an oft-shoot of
the vapor pressure measurements, yet gave very‘valuable data about the
activity of the acid metals. During the vapor pressure runs sometimes
the alloys would react with the graphite boat. The reaction depended on
the concentration of the acid metal. The base metals used, Pd and Rh,
do not react with graphite to form a carbide phase, only dissolving a

17 All of the acid metals

small amount of carbon at these temperatures.
used, Ti, V, and Nb form carbide phases. Due to the excess of the
carbon of tihe boat, the carbide phases that formed are the MC phases,

the most carbon-rich stable phase with each of the metals. The carbide

phase would form when the concentration of the acid metal in the alloy
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increased enough for its activity in the metal to be greater than in the

MC phase in equilibrium with graphite.

The formation of the carbide phase was very obvious., The vapor
pressure of the base metal is greater than expected whenever a carbide
phasg forﬁed. The alloy is debleted of the acid metal forming the
carbide, leaving a greater base metal concentration in the alloy. Also
the alloys with a high base metal concentration did not greatly wet the
graphite boats. When a reaction did occur, the alloy drastically wetted
the boat, spreading all over the bottom and walls of the container. A
quick observation of the form of the alloy after a run indicated whether

a carbide phase formed.

The samples were cut, polished and analysed after each run. With a
high base'metal concentration the alloysAoptically‘looked'very
homogeneous with only some dendritic growths of carbon in the alloy, due
to the lowering of the solubility of the carbon upon cooling the
sample. ‘L'he base-poor alloys showed two phases present. The second

phase, mostly concentrated at the metal-boat interface, was the carbide.

All the alloys were analysed by EDAX. Besides checking the
homogeneity and compositional changes of the alloys which had no carbide
phases, the analysis determined the composition of the alloy in
equilibrium with a carbide phase. The relative intensity measurements
of the alloy phase provide the composition by use of the relationship
given by the standard curves. The X-ray intensities of the carbide

phase showed an analysis of almost pure acid metal, because of the



exclusion of the base metal in the carbide phase and the inability to
detect carbon with the available equipment. The analysis of the bulk
‘alloy phase varied due to the intermixing of small carbide crystals.
Many locations on the sample were examined, with the most base-rich
atomic percent chosen as the correct composition for the alloy in
equilibrium with the carbide phase. Results giving higher acid mepal
atomic percents were due to having some carbide in the area chosen to

examine.
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TABLE 3-1

Calibration of Grating Angle

(A

Hg Spectra

3650.15
3654.83
3663.28
4046.60
4077.80
4339.23
434750
4358.35
5460474
5769.59

5790.65

HeNe 6328.00

A =
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v x (A
Calculated

12.814 3650.0
12.831 6354.8
12.860 3663.1
14.210 4046.7
14.329 4076.3
15.245 4339.0
15.276 4347.7
15.315 4358.7
19.271 5460.6
20.392 5769.0
20.474 5790.3
22.445 6330.8

—0.742 6% +304.3 8 - 126.9

With a variation of t 0.005 in 6, the best reading allows a

deviation of 1.5 A in .



Range

Low

High

X-high

TABLE 3-2
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Calibration of Pyrometer

Standard AGC #721 Pyrometer
NBS Calibrated Thi; Study
800 800

1000 1000

1200 1200

1100 1100

1200 1205

1300 - 1300

1400 1397

1500 1498

1600 1595

1700 1700

1500 - 1508

1600 1609

1700 1710

1800 1805

1900 1902

2000 2008



This Study

TABLE 3-3

Transmittance of (uartz

Transmittance

r (4
2870 0.888
3970 0.918
4560 0.920
6010 0.921
6950 0.926
3435 0.908
0.885

3886 0.910
0.918

0.932

4001 0.905
0.920

4568 0.925
0.9238

0.932

5135 0.916
0.920

: 0.922
5946 0.918
0.920

0.922
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Material

Pd 1/2" Rod

Rh  Sheet

Ti 1/16" Rod
1/4" Ingots

% 1/2" Ingots

Nb 1/8" Rod

Zr 1/8" Rod

52

TABLE 3-4

Starting Materials

% Purity Source

99.9 LBL Stock

99.99 LBL Stock

99.9 - Orion Chemical Co.

99.8 Cefac

99.5 United Min. & Chem. Corp
99.95 ~ Material Research Corp.

99.95 Material Research Corp.



Sample

- ID

a/o Pd

93.94
87.24
81.52
76.42

71.81

79.97
75.00
70.03
64.96
60.03
54.99
49.93
44.93

40.04

TiPd Arcmelted Samples

afo Ti Original

TABLE 3-5

Weight Conditions

Annealing

6.06

12.76

18.48

23.58

28.19

20.03

25.00
29.97
35.04
39.97
45.01
50.07
55.07

59.96

TiPd Arcmelted 1982
7.12015
3.29987
2.33038
1.86266
1.51819

TiPd Arcmelted 1984

5.53883

4.97733
5.03670
5.02542
4.45256
4.99172
4.98589
4.98345

4.99822

All values used in the calibration curve

1

Used in vapor pressure study

AllL samplés annealed for several hours at 1000° C

% Loss

0.43

1.05

0.32

0.06

0.02

0.33

0.05
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TABLE 3-5 continued

VPd Arcmelted 1986

Sample a/o Pd a/o Vv Original Annealing % Loss
iD o Weight Condition

1 V-l 90.17 9.83 1.51262 1100°C 14 hrs 19.84
v=2* . 84.61 15.39 1.32772 1100°C 2 hrs 0.96
v-3*  79.66 20.34 1.67232 1100°C 2 hrs 1.06

2 V-4 74.92 25.08 1.16556 1100°C 14 Hrs 7.54
v-5%  69.31 30.19 1.70137 1100°C 2 hrs 0.78
V-6 59.96 40,04 1.06794 1100°C 2 hrs 0.13

3v-7  50.02 . 49.98 1.10683 1100°C 14 hrs ~0.59
V-8 35.00 . 65.00 - 0.94957 1100°C 2 hrs 0.22

4 V-9 25.12 74.88 1.15937 1100°C 14hrs 1.64

5 V=10 10.04 89.96 1.08665 1100°C 14 hrs ~4.42

Because of the obvious reaction of the five samples (labeled) annealed
at 14 hours the first sample was arc-melted a second time, and another
Pd rich sample was also made. The cohposition of the first sample was

determined by dispersive X-ray analysis.

V-1 0.88902 830°C 2 hrs 1.28

v-11% 93.06 6.94 1.40181 830°C 2 hrs 1.73

Used 1in vapor pressure study



Sample a/o Pd
ID

- 2-1 95.32
4=2 - 89.62
2-3 81.56
-4 ©75.00
-5 49.77
Zz-6 25.07

TABLE 3-5 continued

ZrPd Arcmelted Samples
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a/o Zr Original Annealing % Loss
Weight Condition
4.68 1.98176 1100°C 5 hrs 4,02
10.38 2.01572  1100°C 5 hrs 3.20
18.44 1.38971 800°C 2 hrs 1.81
25.00 - - -
50.23 1.31584 800°C 2 hrs 0.43
74.93 1.36125 . - 800°C ¢ hrs -0.11

Samples Z~1 and Z-2 made by Mike Cima UCB (1985)

Sample 4~4 made by Joha Gibson UCB (1983)

Samples Z-3, Z-5 and Z-6 made for this study (1986)

All the samples were used in calibration curve



Sample a/o Pd

D
-1 93.9
N-2" 89.6
N-3 87.8
N-4 1% 86.3
N-5" 82.8
N—6 82.0
N-7" 77.3
N-8 35.0
N-9 15.2
N-10 8.2
N-11 2.4

TABLE 3-5 continued

NbPd Arcmelted Samples

56

a/o Nb uriginal Annealing % Loss
Weight Condition
6.1
10.4
12.2 All samples made by M. Cima
13.7 Annealed several hours at 1000° C
17.2 All samples used in calibration curve
18.0 See Cima's Thesis (1986)
20.7
65.0
84.8
91.8
97.2

Was made for this study

Used in vapor pressure study



TABLE 3-5 continued

VRh Arcmelted 1986

1
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Sample a/o Rh afo V Original Annealing % Loss
ID Weight Conditiouns

vi-1% 94.67 5.33 0.99880 -
VR-2 89.93 10.07 1.47486 0.94
VR-3" 84.15 15.85 1.20512 0.91
VR-4" 79.93 20.07 1.5005 -
VR-5" 74 .64 25.36 1.19318 0.72 |
vR-6"  70.26  29.74 1.00900 -
VR-7" 54.78 45.22 1.00836 0.55
VR-8 40,49 59.91 1.01054 0.45
VR-9 25.81 74.19 1.00567 -
VR-10 10.46 89.46 1.00652 -

All values used in the calibration curve

Used in vapor pressure study

LAty samples annealed for several hours at 1000° ¢



Sample Xpq

F-2 0.061
F-4 0.128
F-5 Uel35
J=-2 0,200
J-3 0.250
F-6 .236
F=-7 0.282
J=4 0.300
J=5 0.350
J-o 0.400
J-7 0.450
J-8 0.501

TABLE 3-6

EDAX Results for Standard Curves

TipPd
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Ti (La) Pd (La) Rpy
3.270 67.52 0.046
2.267 55.62 0.039
2,757 65.71 0.040
6.523 72.88 0.082
6.417 73.41 0.080
6.313 74.01 0.079
7.507 57.23 0.116
8.177 61.48 0.117
8.880 69.33 0.114
26.43 191.0 0.122
24.66 177.4 0.122
42.47 235.9 0.153
37.11 203.3 - 0.154
15.17 85.22 0.151
15.79 90.50 0.149
16.09 90.78 0.151
12.26 50.81 | 0.194
10.28 45.11 0.186
12.29 53.54 0.187
57.82 257.5 0.183
50.57 214.1 0.191
73.58 260.4 0.220
58.19 204.8 0.221
70.46 193.7 0.267
83.65 235.9 0.262
90.43 204 .4 0.307
61.08 138.8 0.306
123.3 240.8 0.339
249.6 0.340

128.4
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TABLE 3-6 continued

EDAX Results for Standard Curves

TiPd
Sample Xri Ti (Ka) Pd (La) Ry
J-9 0.551 152.0 232.5 0.395
138.8 215.5 0.392
J-10 0.600 174.8 216.9 0.446

157.6 200.8 0.440



TABLE 3-7

EDAX Results for Standard Curves

VPd
Sample Xy V (Ka) Pd (La)
V-2 0.150 8.667 88.40
9.477 100.30
10.57 112.5
V-3 0.200 5.080 36.52
5.263 38.54
5.840 40.70
V-5 U.300 23.16 99,07
15.95 69.30
15.27 67.17
12.10 49.76
V-6 0.400 24,78 68.34
24.96 72.25
.17.53 47.45
V-8, 0.650 51.17 48.11
' 64.3Y 60.14
69.26 66.21
V-11 (0.070) 3.237 76.40
3.020 75.59
3.753 82.91
V-1 (0.100) 5.413 75.00
4,933 65.09
5.837 79.75

Ry

0.089
0.086
0.086

0.122
0.120
0.125

0.189
0.187
0.185
0:.196

0.266
0257

0.270

0.515
0.517
0.511

0.041
0.041
0.043

0.067
0.071
0.068
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TABLE 3-8

EDAX Results for Standard Curves

NbPd

Sample Xyb Nb (La) Pd (La) Rnp
N-1 0.061 5.75 102.5 0.053
N-2 0.104 11.31 111.6 0.092
10.26 107.1 0.087

10.97 111.8 0.089

26.46 245.3 0.097

19.75 183.0 0.097

31.92 332.3 0.088

28.38 - 309.6 0.084

26.84 270.1 0.090

N-3 0.122 8.50 71090 0.106
‘ 8.74 68.98 0.112

35.24 311.1 0.102

.- A 41.25 328.4 0.112
36.70 4 300.0 0.109

N=6 0.180 16.29 85.65 0.160
N-7 0.227 26.53 74.37 0.263
22.85 63.18 0.264

20.19 58.81 0.256

11.24 32.32 V.258

66.34 201.5 0.249

72.93 215.7 0.253

68.14 208.4 0.246

N-8 0.650 82.41 35.36 0.700
N-9 0.843 124.8 15.15 0.892
129.8 13.79 0.904

122.2 13.02 0.904
238.9 14.03 0.0945

290.8 16.86 0.945

N-11 0.972 235.6 4.57 0,981
221.8 3.93 0.983

216.1 3.36 0.985



TABLE 3-9

EDAX Results for Standard Curves

VRh

Sample Xy V (Ka) Rh (La) Ry
VR-1 0.053 1.157 29.40 0.038
1.367 33.78 0.039
1.507 38.55 0.038
VR-2 0.101 3.927 51.72 0.071
4.987 61.37 0.075
5.720 72.03 0.074
. 3.833 30.82 0.111
4.953 36.11 0.121
VR-4 0.201 - 2.400 13.30 0.153
3.737 20.90 " 0.152
VR-5 0.254 40.34 - 178.5 0.184
40.59 178.3 0.185
34,52 155.7 0.182
VR-6 0.298 47.19 167.7 0.220
42.19 149.8 0.220
47.25 169.3 0.218
VR-7 0.452 94.10 170.3 0.356
68.64 121.2 0.362
67.43 120.0 0.360
VK"B Uo599 167-6 15806 0»514
171.9 165.3 0.510
167.1 160.2 0.511
VR=Y 0.742 95.91 45 .42 0.679
274.4 134.6 0.671
274.9 131.1 0.677
280.3 136.0 0.673
VR-10 0.895 265.0 40.99 0.866
272.1 40.58 0.870
267.1 39.56 0.871
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Figure 3-1

A schematic representation of the King furnace is shown. The center of
the heating tube is visible from both ends, allowing for the

simultaneous measurement of temperature and emissfon spectra.



I

A Graphite Heating Tube == The middle is bowed to give a constant

temperature hot zone.

A Sample Boat

A Graphite'Baffle

Figure 3-2
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F - The King Furnace

P - Stop with 0.5 cm pinhole

S - Spectrometer

133.3 ca 65.6 cm 11.4 cml 52.5 cm
‘ l /
| T
A ()
4 + 1

A - lens A with focal length of 9.5 cm

B - Lens B with focal length of 22.1 cm



Spectral Response

P I
™ r ™

1000 2000 000 4000 5000 6000 7000
Angstroms
Figure 3-4§

The radiant energy spectral coverage for the PMT is shown for a

wavelength range to 1000 Angstroms.

milliamperes ver watt is on the left margin.

The absolute intensity scale in
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Blackbody Z Intensity

100y

| —_ glackbody

Intensity

--PMT X
Intensity

2000 4000 6000 8000 10000 12000 14000 15000
Angstroms

Figure 3-5

The broad peak with a maximum around 13000 A i{s the true blackbody
emission. The narrow peak with a maximum around 5100 A is the measured

spectra obtained from blackbody emissfion under the limitation of the PMT

spectral response.



TiPd Standard Curve

R (Ti) 0.5 /

0. 3+—
NP

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Mole Fraction Ti

FPigure 3-6

" The relative intensity of the Ti(Ka) and Pd(La) peaks as a function of

xri in TiPd alloys.
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VPd Standard Curve

R (V) os /,ﬂ//

0. £

0.24— A///ﬁ/.
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Mole Fraction V

Figure 3-7

The relative intensity of the V(Ka) and Pd (La) peaks as a function of

xv-in VPd alloys.



NbPd Standard Curve

R (Nb) 0.5 —
0.4 ' ///
NP
0.2 1 ///.

4

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8 |
Mole Fraction Nb

Figure 3-8

The relative intensity of the Nb(La) and Pd(La) peaks as a function of

be in Nbpd alloys»
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VRh Standard Curve
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Figure 3-9
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The relative intensity of the V(Ka) and Rh(La) peaks as a function of Xv

in VRh alloys.
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RESULTS

Melting Points

The Elements

The accuracy of the temperature measurements are checked by
observing the melting points of the samples. Not all the samples were
observable because they could not be positioned visibly through the end
of the furnace. The melting points of the pure elements are used to
determine the accuracy of the temperature measurements., The
temperatures were measured with a Leeds and~Northrup optical
pyrometer. The calibration of the pyrometer and subsequent corrections
due to the emissivity of the sighting.source énd'transmittance of the
furnéée wiﬁdows are .described in thévTémperature Measurements section of.
‘Chapter Tﬁree. The intermetallic alloys' melting points not only help
verify the accuracy of the temperature measurements; but yield
information about the solubility of carbon in these alloys and help

verify the phase diagrams.

The melting points.were determined by observing the rounding and
collapsing of the samples. The temperatures were easily measured
simultaneously because all the observations were taken throﬁgh the
optical pyrometer. Some of the observed temperatures are not specific
values, but temperature ranges. Temperature ranges are reported when
the melting process, from the time the sample started to round until it

was not visible, lasted long enough to record an increase in the
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temperature. Sometimes the melting was not observed. Then the highest
temperature recorded before the sample melted and the lowest temperature

after the sample melted are reported.

The most data was collected on the melting point of Palladium.
Many runs were performed with elemental Pd because it is used to
determine the Raoult Standard State to which many of the alloys are
compared. Table 4-1 shows the observed melting temperatufes of the Pd
samples over a two year period. The temperature was increasing, usually
about 5° per minute, during the measurements. The values probably are
slightly higher and have a larger uncertainty than if melting point
determinations were performed with a very slow temperature increase.
The average observed melting temperature for Pd is 1780 K, with all of
the values except one falling within %12°. This small range of |
temperatures demonstrated the reproducibility of the temperature
measurements throughout the time of the experiments and with the

different heating tubes.

The reported melting point of pure Pd is 1825 K. The melting
temperature is lowered to 1777 £le k15253 14 contact with carbon because
of the carbon solubility in the Pd. An eutectic is present in the
binary phase diagram between Pd and C. The lower melting point of Pd
represents the eutectic temperature found at the composition of the Pd
having the greatest C solubility. This eutectic temperature agrees with

the experimental results of this study.

Only one melting point determination was run for each of the other
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elemental metals, also shown in Table 4~1. Rhodium melts at 2236 K.

The melting point of Rh is lowered to 1967 %17 k12,3

in the presence of
carbon. An eutectic is also present in the Rh - C binary phase diagram,
similar to the Pd - C phase diagram. The measured temperature of 1930
to 1940 X is much lower than the melting point of pure Rh and close to
the eutectic temperature.

Vanadium and Titanium both react with the graphite boat to form an
intermediate carbide. The temperature observed for the disappearance of
the alloy reflects the eutectic temperature of the reaction, and not the

metal's melting point. The melting points of Ti and V are 1941 K and

2183 K, respectively.

The eutectic temperature in the V.- C system is reported at 1903 K4
and 1923 Ks’é.' The measured femperature range of 1940 td 1960 K is much
lower than the melting point of V, and near the eutectic temperature. A
higher temperature than the eutectic temperature, and an elapse of time
between the onset (rounding of the sample) and the completion
(collapsing of the sample) of melting are observed for V. These
discrepancies are explained by the following argument. The V was still
visible after part of it had begun to form a carbide layer. Due to the
slower diffusion of the carbon through the carbide layer, part of the V
does not react until after the furnace tehperature has risen above the
eutectic temperature, the temperature at which the reaction began. 1If

the temperature could be held constant, lower readings agreeing with the

literature values could be observed.
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The eutectic temperature in the Ti - C system has been reported at
1918 K7 and 1923 K8, with an uncertainty of about 5°. There have been

some reports of a possible peritectic,g’lo

instead of the eutectic,
between the Ti and TiC phases, with an extrapolated peritectic
temperature of 1973 X. The observed melting at 1956 K does not support
the peritectic model even though it is slightly higher than the melting
point of pure Ti. Systematic error in the temperature measurement
should give a higher reading because of the time involved in the
diffusion during the reaction and the constant increasing of the furnace
temperature. An error of the same magnitude as seen with the V - C

system would place the recorded Ti - C eutectic value close to the

literature values of the eutectic temperature.

Overall, the temperature measurements of the elemerital metals

confirmed the accuracy and reliability of the pyrometric measurements.
Transition Metal Alloys

Melting point measurements were also taken for the intermetallic
alloys. Because the accuracy of the pyrometric measurements are
demonstrated with the elemental metals, the alloy data is used to check
the reported binary phase diagrams. Table 4-2 gives the observed
temperatures for the melting of the samples. Most of the alloys are not
congruent melting phases. The temperature range between the reported
solidus and liquidus or eutectic reaction and liquidus are listed for

the non-congruent melting phases.
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There is disagreement about the TiPd phase diagram. The PdATi
phase which has been reported by some studies, is not found by others.

11

Murray” " gives a review of the many problems of the phase diagram.

Table 4-2 lists the melting ranges for the TiPd alloys based on the

11 and another by Kubaschewski.lz’13

phase diagram proposed by Murray
The data from this study fits with the diagram proposed by
Murray. The uncertainty of the temperatures should give experimental
temperatures slightly higher than the true temperatures. The high Pd
alloys (94% and 88% Pd - all alloy pércents given in this report are
atomic percents) melted at, or slightly above, the temperatures shown by
Murray. The values reported by Kubaschewski were higher than the
observed temperatures.. The agreement with Murray indicates that the
Pd4Ti phase is not presenf° A further complication that should be
sfudied is the effect of the carbon solubility in these sampies. The
measured melting témperatures could have been lowered by the solubility
of the carbon in the alloy, as in the pure Pd, and not reflect the true

melting point of the TiPd alloy.

The data listed for VPd is the temperature range of the solidus to
the liquidus between Pd and Vde.14 The experimental data matches the
literature values. All the melting points are only a few degrees above

the literature values, showing no lowering effect by the carbon present.

The data listed for NbPd is the temperature range of the solidus to

the liquidus between Pd and Nde3.15 All the data fits the phase

diagram. The experimental temperatures fit within the given range or
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are slightly higher. With neither the VPd or NbPd alloys showing any
temperature—lowering effects from carbon solubility, the same is
probably true for the TiPd system. The lower alloy temperatures are
probably not caused by the carbon solubility in the alloy, but confirms
the phase diagram by Murray. Less carbon solubility is expected for the
alloys than for the pure Pd because of the strong acid-base reaction in

the alloys.

The data listed for VRh is from Rh to VO.&ARh0.56 from the phase
diagram by Waterstrat,.© All the measured temperatures are
significantly lower than those reported. The melting point of Rh is
lowered by 250° by its solubility of carbon. This solubility effect is
still apparant in the VRh alloys, lowering the melting points by at
least 200° to 50° from the 90% Rh to the 70% Rh, respectively. The

solubility of carbon is still significant in these alloys.

Vapor Pressure Measurements

Palladium

The emission intensities of Pd in the pure metal and the alloys
were measured at 4087.34 A and 4212.95 A, The emission lihes at
4087.34 A and 4212.95 A will be refered to as wavelength 1 and 2
throughout this paper. These lines were chosen because Ehey are within
the optimal range for the instrumentation, see Figure 3-4. Emission

lines from Cy, C3 and CN molecules were always present in the emission
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spectra, interfering with the intensity of some of the Pd lines. The Pd
lines that fell within the ranges of these coincidental emissions were
not used. The relative pressures of the Pd vapor was calculated from
the intensities by equation (2-12). A list of the temperatures,
intensities and log of the calculated relative pressures of both Pd
lines are given in Table 4-3 for over a two year period. The
relationship between the log of the relative pressure and 1/T of each
emission line is shown in Figures 4-1 and 4-2. The enthalpy of

vaporization can be calculated from the slope.

There have been many vapor pressure studies made to determine the

7 Many of the literature values for

enthalpy of vaporization of Pd.
AH298 are 90 +2 Kcal/mole with a spread from 80 to 103 Kcal/mole. The

variation of AH, ., with temperature has given lower enthalpies at higher

|
- temperatures for most of ‘these studies. All but two of the previously

reported experiments have measured Aﬂvap over solid Pd, not determining
the enthalpy for the liquid state. Only two reported studies were run -

with liquid Pd,18 giving enthalpies of 96.43 and 83.96 Kcal/mole for the

temperature ranges 1273 to 2223 K and 1828 to 2023 K, respectively.

The slope from the data for wavelength 1 gives an AHvap of 90
Kcal/mole over the experimental temperature range. At a giyen
temperature the data points have a scatter of 0.1 for the log (p),
allowing for an uncertainty of up to 20 Kcal/mole for the enthalpy.
Even with this uncertainty, the calculated Aﬂvap is within the range of
the other studies and provides confidence in the vapor pressure

measurements of this study.
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The vapor pressure measurements of wavelength 2 does not yield a
linear line. The slope of the data points up to 2100 K are represented
by a line with the same slope as the data of wavelength 1. After 2100 K
the data points deviate from linearity decreasing the slope. The change
in the data is assumed to be caused by self-absorption of the Pd

emission.

Under self-absorbing conditions, emitted photons from some atoms of
the emitting source are absorbed by other atoms. The self-absorbing
conditions can occur when the vapor pressure of the emitting atoms are
increased or the emission travels through a cold region of the

19

vapors. The emission from a self-absorbing source is less than would

be measured if none of the photons were absorbed.

Because the emission intensity is greater for wavelength 2, the
wavelength 2 emission undergos self-absorption while the wavelength 1
emission does not. Even though the absolute oscillator strengths of

20 The

these emissions are not know, their relative strengths are known.
oscillator strength of wavelength 2 is an order of magnitude greater,

increasing its capacity for self-absorption.
Pd Alloys
Vapor pressure measurements were run for several Pd-rich

intermetallic alloys. The emission intensity data and the log of the

calculated relative pressures are shown in Tables 4-4, 4-5 and 4-6 for
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TiPd, VPd and NbPd alloys, respectively. The relative pressures of each
alloy are compared to pure Pd. The activity of the alloy is calculated
by the relative difference in the log of the vapor pressure between the
alloy and pure Pd. Representative plots of the log of the relative

pressures for some alloys are shown in Figures 4-3 through 4-6.

The slope of the line for the alloys is not calculated from fitting
the data of the log (P) XE_I/T graph. The slope is kept constant for
all of the alloys, equél to the slope of the many data points of pure
Pd. The scatter of the few data points run for each alloy does not
yield a meaningful slope. Many more runs are needed to validate
assigning a slope to the pressure data of thé alloys. The main source
of error is the uncertainty of the temperature measurements. A
difference of 20° relates to a difference in the log of the pressure of
0.5. The lines for the alloys are made by estiméting the best fit of a

line with the same slope as Pd through the data points.

The vapor pressure data of the alloys does not always fit along the
defined slope. Most often the data tended towards a less steep slope,
indicating a lower value for AHvap of the alloys thaﬁ for Pd. Because
of the acid-base reactions in the alloys, the AHvap is expected to
increase for the alloys. Additional self-absorption of the alloy
emissions as compared to the pure Pd emissions may be the reason for the
lower slope, as described below. The values of the relative pressure
for the temperature range 2100 to 2300 K were more heavily weighted in
determining placement of the line for wavelength 1. The emission

intensity is low at temperatures less than 2100 K, introducing.a large
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uncertainty in the emission intensity measurements. The uncertainty of
the temperature increases at higher temperatures (above 2300), along
with the added possibilities of self-absorption., The self absorption of
the Pd vapors at the cooler ends of the furnace would have a greater
effect on the recorded intensities of the alloys than on the pure Pd.
Because the pressure of the Pd vapor in the cooler ends of the furnace
is inaependent of the composition of the alloy in the hot zone for a
given temperature, the absorption would be a greater percent of the
smaller alloy emmissions. The temperature range most heavily weighted
for wavelength 2 is from 2000 to 2200 K, due to the higher intensity of

the emission.
Rhodium

Vapor'pressure measurements weré also run with‘Rhodium metal. The
emission inﬁensities and log of relative pressures are shown in Table
4-7 for the 3700.91 A and 4374.80 A emission lines. The relative
pressures calculated are not for the total Rh vapor population, but just
for one excited state of the emission. A partition function was not
calculated nor used to relate the pressure of the excited state to thg
whole population. The calculation of the activity of a Rh alloy is not
affected. The Boltzmann distribution of all states of the Rh is
constant for each temperature whether the Rh is a pure metal or alloy.
The relative pressures of each state compared to thé total vapor
pressure at a constant temperature 1s therefore the same. Yet with the
measurement of the population of only one state, the slope of the log

(P) vs 1/T seen in Figure 4-7 is not the standard AHvap'
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VRh Alloys

Several vapor pressure measurements were made for .the VRh alloy
series. The values of the emission intensities and relative vapor
pressures are shown in Table 4-8. Figure 4-8 shows the log of the
relative pressures of alloys V-6 and V-7 compared to pure Rd. As in the
case of Pd, the slope chosen to fit the alloy data is the best slope

through the pure Rh measurements.

Carbide Equilibration

The cowmposition ot the alloys was analysed with a scanning electron
micrbscope after the vapor préssufe measu?ements. The compoéitions are
determined by the relative intensities of characteristic X-ray emissions
(Ry - defiﬁed in equation (3-4)) of the alloys' components. The
relative X-ray intensities of the TiPd, VPd, NbPd and VRh alloys are

shown in Tables 4-9 through 4-12, respectively.

Compositional changes are shown by a comparison of the relative X-
ray intensities from the alloys after the vapor pressure run to the
alloys before the run. Below the acid metallconcentration which permits
carbide formation, no changes were detected greater than %l atomic

percent.
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In alloys with carbide formation, the analytical results widely
varied. The value of the relative X-ray intensities depended on whether
the analysed area contained any carbide. The composition Qf the alloy
in equilibrium with the carbide is determined by the lowest acid metal
concentration measured. Figures 4-9 through 4-12 graphically

demonstrate the determination of the equilibrium concentration.

The results of the carbide equilibration, along with previous
determinations are shown in Table 4-13. The equilibration temperature
used in this study varied near 2300 K. The exact value for each run can
be found by noting the highest temperature used for that alloy's vapor

21 results show that within his

pressure measurements, Gibson's
uncertainty, the composition of the NbPd alloy in equilibrium with
_carbon does not change over a 100° range. Preyious-work22 shows that

the composition - of the alloys do not vary more than four atomic percent

from 1300 to 2300 K.

Activity Measurements

The activity of the base metal in an alloy is directly taken from
the difference in the log of the pressures, as seen in equation (2-15).

The activity coefficient is calculated using the equation,
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The activity and activity coefficient of the acid metal are also listed
for the alloys in equilibrium with the carbide phase, from the data
given in Table 2-~4. Once the activity of the acid metal has been
established for the cabide equilibration composition, the activity of
the acid metal, from the equilibration compostion to infinite dilution
of the acid metal, can be calculated with the Gibbs—-Duhem relatiomnship,
using the base metal's activity data. The uncertainty in the log of thé
activity is large, about 0.05, due to the inherent uncertainties of this
experimental method. Comparisons can still be made about the relative
effectiveness of the acid-base reactions of the alloy combinations.
Figure 4-13 shows the_comparative effectiveness of TiPd and VPd alloys,
Figﬁre 4-14 shows the comparison of NbPd and VPd and Figure 4-15 shows V

with the base metals Pd and Rh.
Tipd .

Five éamples are used in the titration curve of Ti withlPd. The
data for the high Pd alloys (94% and 887% Pd) fell within the uncertainty
of the pure Pd, having an activity close to unity. The activity of Pd
dramatically decreases in the other samples. The sample originally
starting at 75% Pd equilibrated with TiC to give the activity of Pd at

78.5% Pd.

Several vapor pressure measurements were taken with samples having
a greater atomic percent of Ti. The data from these runs was used to
confirm the composition of the alloy in equilibrium with the carbide,

see Table 4-9., The maximum atomic emission intensity measurements from
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these samples were the same as the 75% Pd sample, which is expected as
these samples all reached the same equilibrium point. The data of the
much higher Ti samples are not always reliable. Some of the vapor
pressure measurements have low values, slowly increasing with time
toward the 75% Pd value. This time dependent variation of the pressure
is an effect of the compositional change of the‘sample towards the TiC

equilibrated alloy.

Choudary et al.23 have investigated the TiPd system by Knudsen cell
mass spectrometry. Their temperature of investigation was 1875 K and
the log of the activities of Pd were -0.42, -0.72, -1.81 and -2.31 for
85%, 754, 60%, and 50% Pd, respectively. The extrapolated value for the
log of the activity of Pd at 85% Pd in this study is about -0.35. This
value 1s close to Choudary's value, especiaily considering the large
unéertainty of the'extrapolation.due‘to the gtéep fise of';he slope. The
extrapolatién of the log of the activity of Pd from this study to 75% Pd
"would be a value more negative than -1.0, much different from Choudary's
reported value. The higher Pd activity measurements of Choudary could
be from the reaction of the alloy with the graphite Knudsen cells in
which the alloys were measured. A reaction between the alloy or sample
vapor with the Knudsen cell would decrease the amount of Ti. The
compositional increase in Pd gives higher Pd activity measurements. The
Pd activity of the 75%Z Pd sample from the Knudsen cell experiments is
still higher than the Pd activity from the alloy in equilibrium with the

carbon from this study, but the agreement is closer.
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VPd.

Four samples are used to develope the VPd titration curve. The 90%
Pd sample gave vapor pressure measurements very similar to pure Pd. The
pressure of the Pd slowly decreased as the percent of Pd decreased in
the samples. The titration curve of VPd has a much flatter variation

than TiPd.

The extrapolation of the activity of Pd, assuming no drastic
changes in the Ti and V titraﬁion curves, to TiPdj and VPdg, gives a
lower activity of Pd in the TiPd4 alloy. Previous investigations have
similarly shown the activity of Pd is lower in Zr§d3 than Nde3 and in

Hde3 than Tan3, see Table 1-1.
NbPd

Five samples were used in the vapor pressure studies of NbPd, yet
only three gave. reliable results used in the titration curve. The two
samples with a Nb concentration large enough to form NbC wet the sample
boat and crept over the sides coating the outside walls. NbC has a
lower emissivity than carbon, giving lower temperature readings than the
true temperature. Because of the uncertainty of trying to estimate the
emissivity of the NbC coating formed within the center of the carbon
heating tube, the results of the high Nb alloys were discarded. The
alloys gave higher vapor pressure readings, which would be -the
appropriate direction for reading lower temperatures than the true

_ temperatures.
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The activity values are much lower in the Nb alloys than in the V
alloys. This comparison is agreeable with the previous results that
show a greater acid-base reaction in 4d elements than 3d elements, see
Table 1-1. The Pd activities of the NbPd alloys show a general decrease
with decreasing percent of Pd, without any drastic slope changes. This
trend is similar to the V alloys, unlike the drastic Pd activity change
in the Ti alloys.

Cima2

4 and Gibson?! have determined the activity of NbPd alloys by
emf measurements and Knudsen cell vapor pressure measurements,
respectively. Gibson directly measured the vapor pressure of Pd, while
Cima measured the emf of Nb and used the Gibbs-Duhem relationship to
calculate the activity of the Pd. They both measuréd the activity of
théAPd in an alloy of 82% Pd, with Cima measuring an activity of 0.13 at
1000 K, and Gibson measuring an activity of 0.40 at 1515 K. The lowest
Pd content that was measured in this study was 86% Pd with an activity
of 0.18 at 2300 K. Tne extrapolated activity at 827 Pd would be around
0.1, well within the range of Cima's value, especially if a small
positive entropy was assumed. Cima chose an excess entropy of -3 to -5
cal/deg/mole as a reasonable value. This choice fit his data with
Gibson's data. A negative entropy would calculate the activity at the
temperature of this study far greater than the measured activity. To
fit his calorimetric results of TiPd with Choudary's mass spectrometric

25

measurements, Kleppa has suggested a small positive excess entropy of

mixing for these intermetallic alloys.
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VRh

Five alloy vapor pressure measurements are used to determine the
VRh titration curve. The vapor pressure of the alloys from Rh down to
80% Rh are within the range of pure Rh. A slight decrease is noticed
for 70% Rh. The sample starting at 55% Rh and equilibrating with carbon
at 68% Rh has a much lower vapor pressure. The resultant titration
curve of the VRh is much different than VPd, with having a high Rh
section of very slight change in the Rh activity followed by a sharp

decrease at 68% Rh.

A Solution Model

The regular solution model is a method to thermodynamically

26 Solutions with

represent solutions that do not follow ideal behavior.
large deviations due to acid-base reactions often are not well

represented by a regular solution model. The regular solution model

only accounts for positive deviations from ideality.

The excess partial molar Gibbs energy of a component in a solution

can be represented by:

where the partial molar Gibbs energy 1is reiated to the activity and the
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activity coefficient.
AG , = RT 1n a = RT 1n Yo Xp (4-3)

The substitution of equation (4-3) into (4-2) defines the excess partial

molar Gibbs energy in terms of the activity coefficient.
—= XS
AG, =RTIn vy, (4-4)

The regular solution model describes the excess partial molar Gibbs
energy in terms of an interaction parameter, W, and the volume f;action
of the second component. The interaction parameter is constant under
the assumptions ofla regular solution equation where the molal volumes
are nearly equal for the two components and the volume fraction
._cherefgre equais the mole fraction: (1) the molecules of-both components
have equal volu@e,-(Z) the number of mearest molecules surrounding any
molecule is the same in the pure components and in the solution, (3) the
solution is random so that $€ is zero, and (4) AH of mixing is
independent of temperature. To compensate for different molal volumes

of the components, the regular solution equation has a cubic term.
(4-5)

W is a function of Xy due to the different molal volumes of the
components in these alloys. The square and cubic coefficients b and c

can be calculated from the linear relation of W with composition as W =

b + cxy. From equations (4-4) and (4-5), the interaction parameter is
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related to the activity coefficient.
" = 2 -
RT 1n Yo W Xg (4-6)

The data from this vapor pressure study determined log Yy of the
base metals of several Engel-Brewer alloys. The log Yy 1s used to fit

the data to the regular solution model.

log, v (4-7)

where the interaction parameter is redefined as:

w = "R'T_T‘j.’;O? (4-8)

The interaction pafameter Ww calculated for the data from Tipd, VPd
and NbPd is shown in Table 4-15. The values of log ypy less than 0.1 is
not used to calculate w because of the relative high uncertainty

compared to the absolute value.

A linear relation of the interaction parameter is calculated with
respect to the composition of the alloys. A linear fit of the
interaction parameter and coefficients b and ¢, are shown in Table 4-15.
The calculated log Ypd from the estimated interaction parameter derived

from the linear fit is also shown in Table 4-15.

The VPd and NbPd alloys behave similarly. 1In both cases the

interaction parameter fit with a positive slope. All of the calculated
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log Ypd fit within the uncertainty of the experimental values.

The fit of the interaction parameter for the TiPd alloys has a
negative slope. . The fit of the calculated log ypy values is not as good
as for the V or Nb alloys. The linear approximation especially
overestimates the loyg Ypq for the alloy at 88% Pd. No fit is attempted
with the VRh data, with only one log ypqy value over O.l. A negative
slope for the interaction parameter approximation would be expected

because of the great change in the slope similar to the TiPd alloys.

Discussion of Results

The combarisons of the thermodynamics of binary Epgel—Brewer alloys
at the base-rich end give insight into the major factors controlling the
acid-base reaction. The comparison of VPd and VRh express the same
relationship Cima found‘between NbPd and NbRh. Pd has two electron
pairs to donate. Due to the crystal field effect the pairs are not
equally extended from the closed shell. The further extended pair of
electrons of Pd is easily donated to V. The activity of Pd in the V
alloys is lowered compared to the Rh activity in the base-rich alloys
because of this donation. In the very Rh-rich alloys, the lone electron
pair is held tighter than the most extended Pd electron pair. At lower
base concentrations, the Rh activity dramatically decreases. Because of
a larger nuclear charge, the most contracted electron pair of the Pd is

held tighter than the most contracted pair on the Rh. The most
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contracted pair of electrons of the Pd is therefore not very effective
for acid-base donation. The Rh is a better base than the Pd at these

concentrations where only one electron pair is donated.

The greater acidity of Ti than V with Pd is explained by the number
" of empty d orbitals available for bonding and the difference in nuclear
charges. Ti has two empty d orbitals available for accepting electrous,
compared to the one empty d orbital of V. At the high base
concentrations used within this study, all of the available orbitals are
assumed to be useful in accepting electron pairs. This extra empty
orbital allows Ti to accept twice as many electron pairs than V,
increasing its acidic_capébilities. The larger nuclear charge on the V
contracts its empty orbital mofe than the empty orbitals on the Ti,

again enhancing the acidity of Ti compared to V.

The crystal field effect also affects ﬁhe acidity of the
orbitals. With four d electrons, the empty orbital of V is the highest
energy orbital, contributiﬁg the least to the stability of the alloy
when bonding. With only three d electrons, Ti has two availablé
orbitals fof bonding. Not only is the highest energy orbital available
for accepting electron pairs, but the second highest orbital is still
available. The crystal field effect enhances the acidity of the Ti by
allowing its orbitals, that are available to accept electron pairs, have

a greater effect than the highest V orbital.

In accordance with the previous results cited in Table 1-1, the 4d

elements have a greater acid-base effect than the 3d elements. The NbPd
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alloys measured in this study consistantly have a lower Pd activity than

the VPd alloys.

The data in this study confirms the qualitative factors effecting
the acid-base reaction. Similar studies should be run to further verify
these results. ZrPd alloy data would be helpful in describing the
difference in the acid-base reaction in the cases where one or two
accepting orbitals are present. ZrPd with two empty orbitals like Ti
may follow the titration curve of TiPd with a drastic change in slope,
unlike the more gradual curves of VPd and NbPd. The measurement of the
quantitative difference between 3d and 4d alloys would also be possible
with both the comparisons of NbPd with VPd and ZrPd with TiPd. With the
high vapor pressure of Pd, and the sensitivity of the emission
measurements, vapor pressure measurements pf the 5d alloys may also be
: poééibie. The extension of the'composi;ional-range'of-the Rh alloy
before the carbide formation, compared to Pd alloys, make them
attractive for further study. Further investigations of new sample
holder materials to prevent the formation of intermediate compounds,
such as the carbide compounds in this study, would enable the

investigation of a larger section of the titration curve.

The data from this vapor pressure study 1s described by a regular
solution equation, see Table 4-15. The opposite sign of the cubic
coefficient between the TiPd and VPd or NbPd alloys indicates a
difference between these reactions at high base concentrations. Yet the
large uncertainty of the Pd activity has to be considered when deriving

any conclusions from the solution equations. FEven if the regular
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solution equations adequately describe the Pd activity at high Pd
concentrations, the equations do not describe the activity at lower base
metal concentrations. For example, the large positive cubic
coefficients of VPd and NbPd alloys increase the Pd activity at lower Pd
concentrations. The Pd activity would be greater than unity for alloys
with atomic percents of Pd less than 61%Z Pd and 56% Pd for VPd and NbPd,

respectively.

Hopefully, with more data, a solution equation will be developed to
model the acid-base reéction. Thermodynamic investigations are needed
throughout the whole composition range'of the alloys. Because of the
high refractory properties of the Engel-Brewer alloys, experimental
methods are difficult and limited. The complimentary work of emf
measurements, compound equilibration; vapor pressure measurements and

calorimetry are needed to confirm the correct thermodynamic properties.
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TABLE 4-1

Observed Eutectic Temperatures

for the Pure Metals

Observed
Temperature (K)

Reference
Temperature & Source

Pd

5/13/85
5/14
5/23
5/31
6/04
11/04
2/01/86
2/19
4/17
4/26
5/04
6/16
6/27
7/11
11/11
1/14/87
2/16

110/9/86

Ti

2/4/86

11/7/86

— -y

1788
1804
1783
1768
1788
1788
1783
1793
1778
1768
1783
1780
1779
1780
1781
1778
1773

1931 to 1940

1956

1941 to 1961

1777

1777 %16

1777 16

1967
1967
1967

1918
1923
1973

1903
1923
1923

16

17

117
+17

Ref. (1)
Ref. (2)

Ref. (3)

Ref. (1)
Ref. (2)
Ref. (3)

Ref. (7)
Ref. (8)
Ref. (9)

Ref. (4)
Ref. (5)
Ref. (6)
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TABLE 4-2

Temperature (K)

Observed Melting Points
for the Binary Alloys

Reference
Temperature & Source

1732

1753

1828
1818

1824

1681

to 1747

to 1737

1692 to 169Y

Alloy Observed
TiPd
947 Pd 1765
1766
887% pd 1692 to
1727
81% pd 1721
1705
807% Pd 1737 to
75% pd 1820 to
1808 to
70% Pd . 1758 to
657% Pd 1712
1685
55% Pd 1676 to
VPd
95% Pd 1737
90% Pd 1636
85% pPd
1694
70% Pd 1702

Ref. (11)
1730 - 1750
1680 - 1700
1700 = 1740
1720 = 1730
1810
1670 - 1770
1620 - 1690
1550 - 1590

Ref. (14)
1710 -
1690 -
1670 -
1650 -

Ref. (12)
1780 - 1800
1727 = 1763
1710 - 1727
1725 = 1755
1665 = 1754
1665 - 1760
1665 - 1782
1665 - 1719

1735

1700

1690

1670

938



TABLE 4-2 continued

Ubserved Melting Points
for the Binary Alloys

Alloy Observed. References
Temperature (K) Temperature & Source
NbPd Ref. (15)
947% Pd 1829 to 1841 1830 - 1850
89.5% Pd 1862 1860 - 1880
87.57% Pd 1895 to 1900 1850 - 1870
83% Pd 1907 1870 - 1890
77% Pd 1931 to 1950 1890
VRh' ‘Ref. (16)
90% Rn 1950 2150 - 2180
807% Rh 1941 2010 - 2130
75% Rh 1900 to 1910 2010 - 2080
70% Rh 1880 to 1900 1930 - 2010
55% Rh 1808 to 1839 1830 - 1880



Emission Intensities — Log of Relative Pressure

Wavelength 1

Energy Level 36181 Cm
Degeneracy

Date

K

3/17/86

3/25/86

4/7/86

4/26/86

5/4/86

6/27/86

1951
2032
2092
2157
2255

1966
2036
2136
2225
2347

1991
2055
2124
2213
2279

1952
2043
2135
2228

1951
2010
2091
2197
2288

2012
2114
2185
2279

Temperature

4087 A

-

TABLE 4-3

PURE PD

Wavelength 2 4212 A
Energy Level 35451 co~t

100

3 Degeneracy 7
Wavelength 1 Wavelength 2
/T Intensity Log P Intensity Log P
(mV) (relative) (mV) (relative)

5.13 - - 3 14,30
4,92 1.75 14.24 15 14.58
4.78 6.5 14.51 48 14.79

464 25 14.79 140 14,96
4,473 120 15.04 390 14.98
5.09 - - 4.5 14,40
4,91 2.0 14.28 17.5 14.63
4.68 16.5 14.70 102 1491

- 4.49 85 15.02 315 15,01
4,26 390 15.19 960 15.02
5.02 0.5 13.91 5 14.31
4.87 2.0 14,18 18.5 14.56
4,71 10 14.54 72 14.82
4.52 57 14.89 277 15.01
4.39 160 15.07 545 15.03
5.12 - - 2.5 14,22
4,98 2 14.24 20.5 l4.66
4.69 12 14.57 96 14.89
4.49 64 14.88 350 15.05
5.13 - - 2 14.13
4.98 0.75 13.99 10 14,52
4.78 7 14,54 57 14 .87
4.55 50 14.91 245 15.02
4.37 190 15.11 620 15.05
4.97 1 14.10 13.5 " 14.64
4.73 12 14.67 93 14.98
4.58 48 14.94 230 15.05
4.39 200 15.17 670 15,12



Date Temperature

7/11/86

11/11/86

6/16/86

1/14/87

2/16/87

1983
2058
2137
2205

1982
2084
2155
2218
2308

2009
2087
2174
2234
2312

1982
2058
2142
2237
2066
2159
2249

TABLE 4-3 continued

Wavelength 1

1/T Intensity Log P
(mV) (relative)
5.04 0.5 13.95
4.86 3.5 14.41
4.68 18 14.74
4,54 60 14.95
5.05 0.5 13.96
4.80 7 14.58
4.64 28 14.84
4.51 90 15.07
4,33 310 15.24
4.98 - -
4.79 5.5 l4.46
4.60 37 14.88
4.43 85 14.98
4.33 285 15.51
5,05 - -
4.86 3 14.34
4.67 15 14.63
4.47 80 14.94
4.84 2.5 14.22
4.63 15 14.55
4.45 65 14.80

Wavelength 2

Intensity Log P
(mV) (relative)
6.5 14.47
33 14.79
118 14.97
260 15.02
6.5 14.48
53 14.87
147 14.99
340 15.08
780 15.08
12 14.60
47 14.80
190 15.01
380 15.06
860 15.10
5 ‘14.36
- 23 14.63
100 14.88
340 15.00
24 l4.61
108 14.83
300 14.89

101



Wavelength 1
Energy Level 36181 cn~!

TABLE 4-4

Emission Intensities —

4087 A

Log of Relative Pressure

TiPd Alloys

Wavelength 2 4212 A
Energy Level 35451 Cm~

102

Degeneracy 3 Degeneracy 7
Wavelength 1 Wavelength 2
Alloy Temperature 1/T Intensity Log P Intensity - Log P
K (mV) (relative) (mV) (relative)

947 pPd 2020 4,95 1 14,06 10 14,46
F-2,1 2116 4.73 7 14.42 57 14.75
2191 4.57 21 14,56 150 14.84

2284 4.38 86 14,78 420 14.90

F-2,2 1946 5.14 - - 2 14.16
2035 4.92 1.5 14.16 16 14.59

2124 4.71 10 l4.54 76 14.84

2216 4.51 50 14.83 255 14.96

2339 4.28 265 15.05 800 14,97

88% pd 2031 4.93 2 14.30 17 14.64
F=4,1 2094 4.78 5 14,38 48 14.78
2150 4.65 13 14,53 96 14,82

2246 4.45 53 14,72 277 14,87

F=4,2 2044 4.89 3 14.41 27 14.77
2144 4.67 15.5 14.64 105 14.87

211 4.52 42 14.77 218 14.91

2268 4.41 88 14.85 395 14.94

~ 81% Pd 1993 5.02 - - 2 13.91
F-5,1 2086 4.80 1.5 13.90 10 l4.14
2144 4.67 3 13.92 32 14,37

2224 4.50 13 14,21 108 14,55

2302 4.34 44 14,42 320 14,71

F-5,2 1938 S5.16 - - 1 13.90
2005 4.99 - - 2.5 13.94

2105 4,75 1.5 13.81 16 14.25

2196 4.55 9.5 14,19 83 14.56

2323 4,31 61 14.48 390 14.72



TABLE 4-4 continued

Wavelength 1

103

Wavelength 2

Alloy Temperature 1/T Intensity Log P Intensity Log P
K (mV) (relative) (mV)  (relative)

80% Pd 2035 4,92 - - 2 13.69

J-2,1 2099 4,76 0.5 13.56 6 13.85

2162 4.63 2.5 13.76 25 14.18

2219 4,51 8 14.02 67 14.37

2272 4.40 25 14.29 177 14.57

J=2,2 2104 4,75 1 13.64 9 14.01

2194 4.56 7.5 14.10 56.5 14.40

2249 4,45 17.5 14.23 137 14.55

2331 4,29 91 14.62 445 14.74

75% Pd 2042 4,90 0.5 13.64 6 14.13

J-3,1 2105 4,75 2 13.93 20 14.35

2192 4.56 4 13.83 40 14.26

2287 4.37 20 14.13 160 14.47

J-3,2 1996 5.01 - - 1.5 13.76

2099 4.77 2 13.96 - 16 14.28

- 2206 4.53 5. 13.87 49 14.29

2267 4.41 14 14.06 126 14.44

2331 4.29 44 14.30 325 14.61



Wavelength 1

TABLE

Emission Intensities —

4087 A

VPd Al

Energy Level 36181 Cm !

Alloy Temperature

4~5

Log of Relative Pressure

loys

104

Wavelength 2 4212 A
Energy Level 35451 co~!

Degeneracy 3 Degeneracy 7
Wavelength 1 Wavelength 2
1/T Intensity Log P Intensity Log P
K (mV) (relative) (mv) (relative)

2023 4.94 1 14.04 11 14.49
2056 4.80 3.5 14.42 34 14.81
2155 4,64 13 14.51 94 14.79
2240 4 .47 54 14.76 275 14.89
1990 5.03 - - 7 14.47
2092 4.78 - - 36 14.66
2152 4.65 11 14.45 .76 14.71
2235 4,48 42 14.67 235 14.85
1989 5.03 - - 5 14.32
2079 4.81 2 14.06 19 14.45
2175 4.60 11.5 14.37 120 14,81
2265 4.41 51 14.63 335 14.88
1997 5.01 - - 5.5 14.32
2089 4.79 3 14.19 28 14.57
2143 4.67 7 14.3 66 14.69
2213 4.52 28 14.59 180 14.82
2044 4,89 - - 7 14.19
2104 4,75 2 13.94 24.5 14.44
2166 4.62 9 14.30 70 14.61
2224 4.50 22 14.44 205 14.83



Wavelength 1 4087 A
Energy Level
Degeneracy

TABLE 4-6

Emission Intensities

36181 cm™!

Alloy Temperature 1/T
K

94% Pd 2043 4.90

N-1,1 2117 4,72

2194 4,56

2238 4,47

89.5% Pd 2035 4.92

N-2,1 - 2101 4.76

' © 2188 4,57

2273 4 .40

87.5% Pd 2095 4,77

N-3,1 - 2155 4.64

2247 4.45

83% Pd 2020 4.95

N=5,1 2094 4,78

2164 4.62

2256 4.43

77% Pd 1982 5.05

N=7,1 2095 4,77

2185 4,58

2282 4.38

Log of Relative Pressure

NbPd Alloys

Wavelength 2 4212 A
Energy Level 35451 cn !
Degeneracy

Wavelength 1

7

Wavelength 2

105

Intensity Log P Intensity Log P
(mv) (relative) (mvV) (relative)
1.5 l14.11 16 14.55
7 14,42 59 14.76
23 14.58 146 14.81
55 14.77 285 14.92
0.5 13.68 7 14.23

- 2.5 14.05 25 14.46
14 14.40 110 l4.71
42 14.51 275 14.76
1 13.68 11 14.14
4 14.00 39 14.41
24 14.38 180 14.68
4 14.29 37 14.67
20 14.66 124 14.87
100 14.96 390 14.98
- - 2.5 14006
5.5 l4.42 48 14.78
34 14.79 195 14.98
170 15.08 620 15.08
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TABLE 4-7
Emission Intensities —-— ©Log of Relative Pressure
PURE Rh
Wavelength 1 3701 A Wavelength 2 4375 A
Wavelength 1 Wavelength 2
Date Temperature 1/T Intensity Log P Intensity Log P
K (V) (relative) (mV) (relative)
10/11/86 2150 4.65 10 4.33 8 4.24
2245 4.45 36 4.91 92 5.32
2329 4,29 96 5635 380 - 595
10/22/86 2038 4.91 0.5 3.01 1 3.31
2104 4.75 4 - 3.93 4 3.93
2206 4.53 19 4,62 32 4.85
2262 4.42 54 5.09 94 5.33

2318 4.31 72 5.22 ' 260 5.78



Wavelength 1 3701 A

alloy Temperature

90% Rh
VR-2,1

80% Rh
VR=4,1

75% Rh
VR-5,1

70% Rh
VR-6,1

55% Rh
VR-7,1

TABLE

Emission Intensities —

2114
2247
2339

2074
2144
2232
2334

2089
2181
2249
2303

2086

- 2186

2268
2319

2129
2211
2329

4-8

Log of Relative Pressure

VRh Alloys

Wavelength 2 4375 A

Wavelength 1

Wavelength 2

107

1/T Intensity Log P Intensity Log P
(mV) (relative) (mV) (relative)
4.73 5 4.02 6 4.10
4 .45 30 4.83 66 5.17
4.28 74 5.24 250 5.77
4.82 2.5 3.71 265 3.71
4,66 8.5 4.26 11 4.37
4,48 29 4.81 63 5.15
4,28 92 5.33 335 5.89
4.79 2.5 3.72 2 3.62
4.59 13 4.45 18 4.59
4.45 30 4.83 68 5.18
4.34 56 5.11 170 5.59
4,79 2 3.62 2 3.62
4.57 12 4.42 16 4.54
4.41 35 4.90 74 5.22
4,31 66 5.18 220 5.71
4.70 1.5 3.50 1.5 3.50
4,52 6 4,12 5 4.04
4.29 34 4.90 45 5.02
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TABLE 4-9

EDAX Results for Alloys
After Vapor Pressure Measurements

TiPd
Alloy Rpi Alloy Rps
F-2,1A 0.036 F-2,2A 0.044
B 0.035 _ B 0.040
C 0.040
D _ 0.042
F-4,1A 0.076 F=4,2A 0.079
B 0.076 B 0.076
C 0.078
D 0.079
E 0.080
F-5,1A 0.124 F~5,2A 0.101
B 0.119 B 0.100
C 0.108 o 0.126
: 3 D 0.110
J=2,1A 0.122 J=2,2A 0.131
B 0.121 B 0.134
o 0.114 c 0.137
D 0.117 D 0.118
K 0.119 E 0.130
F 0.125
J-3,1a 0.129 J=4,1A 0.161
B 0.132 B 0.286
C 0.133 C 0.577
D 0.706 D 0.156
E 0.140 E 0.154
F 0.508 F 0.152
G V.142 G 0.151
H 0.850 H 1.000
J=5,1a 0.200 J-5,2A 0.202
B 0.990 B 0.188
C 0.161 C 0.176
D 0.179 D 0.378
E 0.212
J-6,1A 0.145 J-6,2A 0.132
B 0.153 _ B 0.131

c 0.148 C 0.997



TABLE 4-10

EDAX Results for Alloys

After Vapor Pressure Measurements

VPd
Alloys Ry Alloys Ry
V-11,1A 0.049 v-1,1A 0.078
B 0.046 B 0.081
C 0.046 c 0.076
D 0.047
V=-2,1A v.107 v-3,1A 0.111
B 0.103 B 0.114
c 0.103 C 0.110
D 0.102 D 0.327
E 0.098 .E 0.110
F 0.097 F 0.886
G 0.099 G 0.107
V-5,1A 0.169
B 0.112
C 0.122
D 1.000
E 0.113
F 0.114
G 0.110
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TABLE 4-11

EDAX Results for Alloys
After Vapor Pressure Measurements

NbPd
Alloy RNb
N-2,1A 0.093
B 0.099
C 0.099
D 0.102
N-7,1A 0.932
B 0.148
c 0.144
D O.141
E 0.154

TABLE 4-12

EDAX Results for Alloys
After Vapor Pressure Measurements

Vkh
Alloy Ry
VR-2,1A 0.066
B 0.065
c 0.067
VR-7,1A 0.245

B 0.412
C 0.439
D 0.214
£ 0.275



Carbide Equilibration Results

TABLE 4-13

111

Alloy Atomic Percent Temperature Reference
Base Metal (K) Source
TipPd 78.5% 2300 This Study
75% 1300 Ref. (22)
vrd 81.5% 2300 This Study
80% 1300 Ref. (22)
NbPd 847 2300 This Study
85% 2321 Ref. (21)
8474 2268 Ref. (21)
847 2331 Ref. (21)
857 1300 Ref. (22)
VRh 68% 2300 This Study



VPd

NbPd

VRh

TABLE 4-14

Base Metal Activity from Vapor Pressure Measurements

112

Alloy Atomic Percent - log (a) Activity Activity - log (v)
Base Metal Base Metal Base Metal Acid Metal Base Metal
947 . 0.05 0.89 0.10
88% 0.00 1.00 -0.05
81% 0.68 0.21 0.59
80% 0.84 0.14 0.74
78.5% 0.99 0.10 2.3 x 1074 0.84
95% 0.09 0.81 0.06
90% 0.23 0.59 0.18
85% 0.41 0439 0.34
81.5% 0.50 0.32 6.0 X 1073 0.41
94% 0.14 0.72 0.12
89.5% 0.46 0.35 0.41
87.5% 0.71 0.19 6.6 X 1074 0.64
90% 0.00 1.00 -0.04
80% 0.00 1.00 -0.09
75% 0.05 0.89 -0.07
70% 0.16 0.69 0.01
68% 0.62 0.24 6.0 X 1073 0.45



Alloy b
TiPd 3.7
VPd - 25.8
NbPd . - 47.0
Alloy Percent
Base Metal
Tipd 947%
887%
81%
80%
78.5%
ved 937%
Y07%
857%
81.5%
Nbrd 947
89.5%
87.5%
847

8274

TABLE 4-15

Regular Solution Model

(o4

Solution Equation

113

-108 logyy = 3.7x% + -108x>

75 logyy = -25.8x% + 75x3

112 logyy = -47x% + 112x3

= 103 (v Wealc. Ybest fit - loz (v)
(Vap. P.) from vy from Regular Solution Eq.

0.02 -3 0.01
-0.05 -9 0.13
0.59 © -16.3 -17 0.61
0.74 ~18.5 -18 0.72
0.88 ~19.0 -19.5 0.90
0.06 -20.5 0.10
0.18 -18 -1 0.18
0.34 -15 -14.5 0.33
0.41 -12 -12 0.41
0.12 -48 -41.5 0.10
0.41 -34 -35 0.42
0.64 -33 -31 0.61
-29 0.74
27 0.87
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Pigure 4-1
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The relative pressure of Pd from emission data of wavelength 1,

calculated by equation {2-~12) is shown.

The slope of the linear

relation corresponds to an enthalpy of vaporization of 90 Kcal/mole.
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Figure 4-2

The relative pressure of Pd from emission data of wavelength 2,
calculated by equation (2-12) is shown. The slope of the linear

relation corresponds to an enthalpy of vaporization of 90 Kcal/mole.
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Figure 4-3

The relative vapor pressure of pure Pd 18 compared to TiPd alloys. The
differences in the vapor pressures correspond to activities of 0.21'and

0.14 for 812 Pd and 80X Pd alloys, respectively,
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Figure 4-4

The relative vapor pressure of pure Pd is compared to TiPd alloys. The
the vapor pressures of the 94X Pd and 88X Pd alloys lie within the

uncertainty of the pure Pd values.
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The relative vapor pressure of pure Pd is compared to a VPd alloys. The
differences in thé vapor pressures correspond to activities of 0.39 and

0.32 for the 85% Pd and 81.5% alloys, respectively.
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Figure 4-6
The relative vapor pressure of pure Pd is compared to NbPd alloys. The

differences in the vapor pressures correépond to an activities of 0.19

and 0.35 for the 87.5% Pd and 89.5%7 Pd alloys, respectively.
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The relative pressure of Rh from emission data of wavelength 2, 18

shown.
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Flgure 4-8

The relative vapor pressure of pure Rh 18 compared to VRh alloys. The

difference in the vapor pressures correspond to activities of 0.69 and
0.24 for 70X Rh and 68X Rh (originally the 55X Rh alloy) alloys,’

respectively.
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0.9

(At



VPd Stqndard Curve

1

/|

0.8 /(/

/

/// o VPd

0.6 7 Standard
R (V) o5 0/ Curve

iy // . XPd me

) | esults

y | P

0.2 ///g/,

0.1

eo 01 02 03 04 05 06 07 08 0.9

Mole Fraction V

Pigure 4-10 -

The relative X-ray emission inténsity of the V (Ka) and Pd (La) peaks as

a function of Xy in VPd alloys.
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Figure 4-11

The relative X-ray emission intensity of the Nb (La) and Pd (La) peaks

as a function of be in NbPd alloys.
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Figure 4-12

The relative X-ray esission intensity of the V (Ka) and Rh (La) peaks as

a function of Xy in

VRh nlloyl,
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Figure 4-13

The titration curve of TiPd is compared to the titration ‘curve of VPd.,

Ti is a better acid as the Pd concentration decreases.

971



- log (i)&s

VPd Titration

0.9
0.8

v b VPd
0.6 ‘ \ Titration

oul 1\ o NbPd
) ‘ N Titration
0.3 N

0.1 : ‘ \W

0 |
65 70 75 80 8S 90 g5 100
Atomic Percent Pd

Figure 4-14

The titration curve of NbPd 18 compared to the titration curve of VPd.
Nb 18 a better acid, demonstrating the increased acid-base effect of the

44 elements over the 3d elements.
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Figure 4-15

The titration curve of VRh i8 compared to the titration curve of VPd.
Pd is a better base at high base metal concentrations. Rh is 1nd1catéd

to be a better base at lower base metal concentrations.
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