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Abstract

Metal alloy inclusions comprised of Mo, Pd, Rh, Ru, and Tc (the so-called
“noble” metals) develop in CANDU fuel pellets as a result of fission. The
thermochemical behaviour of this alloy system during severe accident conditions is of
interest in connection with computations of loss of volatile compounds of these elements
by reaction with steam-hydrogen gas mixtures that develop in the system as a result of

water reacting with the Zircalloy cladding.

This treatment focuses on the development of thermodynamic models for the Mo-
Pd-Rh-Ru-Tc quinary system. A reasonable prediction was made by modelling the ten
binary phase diagrams, five of these evaluations being original to this work. This process
provides a complete treatment for the five solution phases (vapour, liquid, bcc-solid, fcc-
solid, and cph-solid) in this alloy system, as well as self-consistent Gibbs energies of
formation for the MosRu; intermetallic phase, and two intermediate phases in the Mo-Tc
system. The resulting collection of properties, when treated by Gibbs energy
minimization, permits phase equilibria to be computed for specified temperatures and

compositions.

Experimental work in support of this treatment has been performed.
Measurements of the solidus and liquidus temperatures for Pd-Rh alloys were made using
differential thermal analysis. These measurements confirm that the liquid solution
exhibits positive deviation from Raoult’s law. Experimental work as a visiting research
engineer at AECL (Chalk River) was performed using a custom developed Knudsen
cell/mass spectrometer. The Pd partial pressure was measured above multi-component

alloys of known composition over a range of temperatures. These are correlated to
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predicted activities of Pd from the developed thermodynamic model in the multi-

component alloy.

The thermodynamic treatment developed for the noble metal alloy inclusions has
been combined with considerable other data and applied to selected loss-of-coolant-
accident scenarios to demonstrate the value of the improved alloy treatment. An original
method of compressing voluminous data generated by extensive calculations (as
undertaken previously by the author involving an ideal alloy model) is outlined. This
technique permits the output from the thermodynamic computations with the models to

be incorporated within the fission product release code.
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1. Introduction

1.1 Background

The Canadian Nuclear Safety Commission (CNSC), formerly the Atomic Energy
Control Board (AECB), has developed guidelines that regulate the design and operation
of all CANDU" reactors in Canada. One of the principal areas of concemn for the CNSC
is safety, a relatively broad topic that includes design of systems to ensure reliability,
redundancy, testability, and independence. In assessing safety, the main objective is to

minimize risk- the product of probability and consequence.

Operational “abnormal” events may be classified in three categories: those of
moderate frequency; those of low probability; and those of very low probability. Events
of moderate frequency may arise from operational practice but have minimal
consequence and thus low risk. The events of low probability generally result from
mechanical failure or human error, but because of the design criteria only result in small,
if any, radioactive releases outside of the plant. Once again the risk is low. Finally, there
are the events of very low probability, which have potentially serious consequences (¢.g.,
flooding, severe accidents, earthquakes, spent-fuel handling accidents, and loss-of-
coolant accidents). It is this final class of accidents that is important in reactor safety
analysis, and for the purpose of this work the principal concem is loss-of-coolant

accidents (LOCA), which are considered as design basis accidents.

Before a discussion of loss-of-coolant accidents can be initiated, it is necessary to

review some of the principles behind reactors and reactor safety and the implications

* CANadian Deuterium Uranium, a registered trademark of Atomic Energy of Canada Limited.
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these principles have on reactor design, since some of the design features have important

ramifications as to the nature of the LOCA.

Nuclear reactors generate heat as a result of nuclear fission within the fuel, which
is generally composed of pellets of UO;. Exceptions are UC; which is used in High
Temperature Reactors (HTR), “*PuO; in depleted UOQ, in liquid-metal or gas-cooled fast
breeder reactors (LMFBR and GCFBR), and U metal in the Magnox reactor (Mg/Al alloy

used to clad fuel with graphite moderator). Where uranium is the principal component of

the fuel, the only useful naturally fissile isotope of uranium is 3;U/, which has an

isotopic abundance of 0.72%. Atoms of ;U decay by a fission reaction, (1.1):

U+ in—> 2fragments+x( o'n)-f-heat (1.1)

where n represents a neutron, and x can have a value of 2 or 3",

The neutrons produced in (1.1) are considered to be “fast” neutrons since they
have energies of approximately 190 x 10° kJ/mol, and these neutrons are inefficient at
sustaining the fission reaction, especially when compared to “slow” or “thermal”

neutrons that have energies of approximately 2.4 kJ/mol. Thus, two options present

themselves in terms of developing and maintaining a chain reaction:

1. Increase the fraction of U in the fuel (i.e., fuel enrichment);

2. Slow down the “fast” neutrons (i.¢., moderate the fuel), to promote the chain
reaction.

The American and French (and others) have developed pressurized-water reactors

(PWR) and boiling-water reactors (BWR) which operate with enriched UQ, fuel, (i.e,,
fuel with 2-3% 23U'). These reactors do not need a specialized moderator, so natural

(light) water can be used.



The Canadian experience exploits the principles embodied in option 2. The
CANDU reactor was developed to use natural uranium with 0.72% 2;’qu . However, a

special moderator is required and D,O (so called heavy water ) is used for this purpose.
The use of DO as a moderator highlights another difference between the CANDU
reactor and the PWR and BWR, which use H,O as their moderator. In the CANDU,
heavy water passes over the fuel, absorbs energy and is heated to a temperature near
310°C. This heavy water is under pressure and is pumped to a steam generator where the
heat is extracted by boiling natural water in a separate system. The steam created here,
drives the turbines, producing electricity and then is recycled back to the steam generator.

The heavy water from the steam generator also recycles back to the reactor.

Pressurized-water and boiling-water reactors use natural water as the moderator.
For BWRs the water that collects the heat in the reactor core is also the water that is
converted to steam to drive the turbines. This water is recycled back to the reactor. In

PWRs the steam generators are in a separate heat transfer loop.
A second consequence of reaction (1.1) is that two fragments are created in place
of the atom of 3;U. These fragments are termed fission products and their inventory

increases in a predictable manner over the service lifetime of the fuel. The ORIGEN2
code?) has been developed to determine the concentrations of the fission products at

various stages of fuel burn up under different operating conditions.

Therefore, there are three consequences of the radioactive decay of .U : the

Deuterium (D) is an isotope of hydrogen. It has a nucleus of 1 neutron and 1 proton, unlike hydrogen
that has only a single proton as its nucleus. Deuterium has a natural abundance of 0.0156%'.
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generation of heat, which ultimately boils water to provide electrical energy; more
neutrons, that are used to sustain the chain reaction and promote decay of more .U , and

an increasing inventory of fission products that stay trapped in the remaining fuel.

L.1.1 Less-of-Coolant-Accidents

A schematic diagram of a typical CANDU reactor systern[31 is shown in Figure
1-1. The worst potential rupture in the water system is postulated to occur at the inlet
header (indicated on Figure 1-1). A break in the system at this point would prevent water
coolant from reaching the core, and the remaining coolant would be pulled from the
reactor by the outlet header or flow back and out the inlet header. The end result is that

the core would no longer be cooled and an accident would have commenced.

Main Steam Pipes
Pressurizer
Steam Generators
Heat Transport Pumps
Headers

Calandria

Fuel

Moderator Pump

. Moderator Heat Exchanger
10. Fuelling Machines

Light Water Steam
Light Water Condensaie

Heavy Water Coolant

N L I

Heavy Water Moderator

Figure 1-1. The CANDU reactor system™, showing the postulated break in the reactor
inlet header, which leads to the beginning of a LOCA.
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Once an accident has begun, the temperature of the fuel rises, since it is no longer
being cooled. One possible scenario is that as the temperature of the fuel rapidly
increases, water is once again introduced into the system. This water, as it comes into
contact with the hot fuel, can rapidly vaporize and in the process provide a vehicle for
transporting chemical species from the fuel. The steam also interacts exothermically with
the Zircalloy cladding to yield hydrogen, a reaction that will determine the type of
atmosphere (i.e., reducing or less oxidizing) which will further affect interactions with

the fuel.

As the temperature in the fuel increases, fission products within the fuel may be
removed from the surface layers of the fuel, because the temperature provides a second
driving force for diffusion of chemical species within the fuel from the central region

(high concentration) to the perimeter region (lower concentration).

A further complication arises due to the nature of the reactivity within the

reactor/fuel system. From reaction (1.1), it was seen that one neutron is required to
initiate the radioactive decay of ;U , but in the process 2 to 3 neutrons (on average) are

released. The multiplication factor, £, is related to the number of neutrons born in one
generation, as a result of each neutron in the previous generation being absorbed. Thus,
when & = 1, every neutron absorbed in previous generation results in one new neutron in
the next generation. In terms of neutrons, this represents a steady state condition, and the

reactor is said to have gone critical.

The fractional departure of a system from criticality, or the reactivity of a system,

is defined by equation (1.2), where  is defined above!*!:



From equation (1.2), if £ > 1, then p > 0, and the system displays positive

(1.2)

reactivity, while if k < 1, then p <0, negative reactivity results. Note that while p may be

both positive or negative, k is always positive.
The coefficient of reactivity, ara, is defined by equation (1.3).

Dot =y T8y Ty 13

where a, =3—;, the temperature coefficient; a, =%’, the void coefficient, x represents

the void fraction; and a,u.rs represents other minor coefficients (e.g., the moderator

coefficient™) that would be considered in a thorough analysis.

Differentiating equation (1.2) with respect to temperature gives,

PO A .2 (1.4)

and since k = 1, K = k, therefore, the following is reasonably valid:

Pl )

" kdT
The implications of equations (1.2}, (1.3), and (1.5) on the operation of a reactor
are important in a potential accident scenario. Consider the implications to a reactor if

either aror ay were the only governing constraint. During normal or stable operation the

temperature in the reactor and the power generated are expected to be nearly constant. If

ar were positive, and the temperature in the reactor increased slightly, since % >0,k

would increase and this would increase the reactivity, p, in the reactor, which in tum

would increase the power generated. If more power were generated, a further
6



temperature increase would be caused and this escalating cycle would continue until
either the core melted or outside intervention occurred. On the other hand, if the
temperature in the reactor initially decreased slightly, a downward cycie wouid occur and

the reactor would shutdown. In either case, a positive arterm is inherently unstable.

The situation is much improved if ar is negative. In this case, an increase in the
temperature results in a decrease in 4, and the power generated drops. This provides a
self-correcting mechanism and the reactor returns to its original state. The same is true
for a decrease in temperature. Commercially operated power reactors must have a

temperature coefficient that is negative in order to obtain an operating licence.

A similar analysis can be extended to the void coefficient, ay. Voids develop
around the fuel at places where the liquid boils. This situation arises for either a liquid
moderated (CANDU) or liquid cooled (PWR) reactor. Unlike the pressurized-water
reactor, in the CANDU (and Russian RBMK') system, ay is positive, which means that
as the void fraction increases the reactivity increase, and the power generated increases,
causing more liquid to boil. This in tum increases the void fraction, and the system
would become unstable, if, and only if, the void coefficient were the only variable that

controls arsa-

Fortunately, this is not the situation. In the CANDU reactor, because ay is

positive, ar is negative, and this counteracts the a term.

It is also clear from the above, that one of the potential problems with the

° RBMK is an acronym for “Reaktory Bolshoi Moshchnosti Kanalynye”. These reactors are also termed
LWGR- that is graphite moderated with boiling light water coolant.
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CANDU during a LOCA derives from the positive void coefficient. As coolant exits the
system as a result of a break, the amount of voids in the coolant increases, and as a result
the void coefficient increases. This effect will exert a tendency to increase the reactivity
of the system, and also the power generated, which if unchecked or unbalanced by the

temperature coefficient would lead to a melting of the reactor core.

1.1.2 Classification of Fission Products

Prussin et al.l® classified fission products in three distinct groups based on their
significant radioactive contributions in the event of a loss-of-coolant accident, and these
are:

1. Inert/Noble gases- Xe and Kr;

2. Volatiles- I, Br, Cs, Rb, Te, Se, and Sb

3. Nonvolatiles (Not-so-volatile)- Ba, Sr, Mo, Te¢, Ru, Rh, Pd, Y, La, Ce, Pr,
Nd, Pm, Sm, Eu, Np, Pu, Zr, and Nb.

These groupings of elements are marked by their degree of volatility and their

chemical properties.

Kleykamp™® and othersl'” have provided a different and more specific
classification scheme based more on the chemical state of the fission products. The four

classes are:

1. Fission gases and other volatile fission products- Kr, Xe, Br and I;

2. Fission products forming metallic precipitates- Mo, Te, Ru, Rh, Pd, Ag, Cd,
In, Sn, Sb, and Te;

3. Fission products forming oxide precipitates- Rb, Cs, Ba, Zr, Nb, Mo, and Te;

4. Fission products dissolved as oxides in the fuel matrix: Sr, Zr, Nb, Y, La, Ce,
Pr, Nd, Pm, Sm, and Eu.

It is important to realize that the classification scheme proposed by Kleykamp

places some elements (e.g., Mo and Nb) in more than one category. This is due to the
8



fact that transitions from one group to the next are based on solubility limits of the given
fission products and also to changes in the chemical potential of oxygen during fuel burn

up.

1.1.3 The Role of the “Noble Metals” as Fission Products
In both classification schemes, the so-called “Noble Metals”, namely Mo, Pd, Rh,
Ru, and Tc have been highlighted because of their importance to this work. Prussin et

al.®! placed them in the nonvolatile group and Kleykamp!™®!!!

classified them as
elements that form metallic precipitates. Both these classification schemes suggest that
instead of forming chemical species that readity escape from fuel during an accident, they
instead form metallic inclusions within the fuel. This behaviour suggests that in any
mass transport model developed to predict fission product behaviour, special

consideration would be necessary for these elements, since they would tend to act as a

solution.

1.1.4 Fission Product Release Models

A schematic diagram illustrating the fission product release model is shown in

Figure 1-2.
Bulk Gas

2

gas stream

Y

Zircalloy Cladding

Figure 1-2. A schematic diagram of the Fission Product Release Model

During a loss-of-coolant accident, it is assumed that the flow of the coolant to the
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fuel rod is interrupted, and the temperature of the rod rises. If water were to be
reintroduced to the system, it would very rapidly vaporize upon coming into contact with
the fuel rod, resulting in the production of steam. The subsequent interaction of this
steam with the zirconium in the Zircalloy would result in the production of zirconia and
hydrogen gas, as shown in reaction (1.6).

elevated T
Zrgoiigy + 2H,0 ey =" Zr Oy gy + 2H ) (1.6)

As the hydrogen and steam gas mixture passes along the fuel rod, reactions occur
between the gas and the elements in the fuel, and this allows fission products to be

transported into the bulk gas.

The rate of mass transport of a particular species, i, into the bulk gas is given by

equation o o)

R =8-N,-7,-k(X,~ X; )atoms/s (L.7)
where § represents the exposed surface area of the fuel rod; N, represents Avagadro’s
number; ¥, represents the number of atoms per molecule of fission product /; &; represents

the mass transport coefficient of fission product {; X; represents the mole fraction of

species i at the surface of the fuel; and X; represents the initial concentration of species {

in the bulk gas stream (generally X; =0).

For species i at the surface of the fuel rod, the mole fraction is:

x =2 (1.9)
P

where p; represents the partial pressure of species i, and p,,, represents the total system

pressure.
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It can be seen that this is a complex problem, which can be subdivided into three
problems that occur in series. The first problem is to model the behaviour of the fuel and
how the elements are transported within the fuel, subject to possible temperature and
concentration gradients. The second problem is to determine the speciation of the
elements in the fuel as they interact with the surrounding atmosphere and/or other
elements, and the implications that this has on release of these fission products. The third
problem involves the transport of the fission products in whatever chemical form away

from the fuel rod and into the reactor containment system.

Of the problems outlined above, the first and third employ principles of mass
transport and mass kinetics. The second problem is, in essence, a metallurgical problem,
that requires an understanding of the thermodynamic properties of the species and

solutions that are generated both within the fuel and at the surface of the fuel.

In previous work by this author and colleagues a preliminary analytical model
was developed to describe the behaviour of low-volatile fission products under accident

conditions'?.

This work brought together the kinetic and mass transport models
developed to simulate the behaviour of the fission products in the fuel and as they were
transported from the fuel, with calculations that established the chemical speciation

predicted by thermodynamic considerations. Building on the work of Cubicciotti*'®},

this endeavour set a new standard for fission product release models.

In any model, assumptions are made in order to facilitate calculations. At the
completion of the calculations, the assumptions are reviewed and areas in which the
model falls short are subjected to firther review and revision. For the preliminary

analytical model the following assumptions were made:
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1. The gas phase that forms is an ideal gas, therefore p; = X,

r(vapaur)ptor 3

2. All metallic liquids form an ideal metallic liquid solution, if they form a

solution phase at all, therefore a,;, ;i = Xy siguia) 5

3. All solids (i.e., intermetallics, oxides, and spinels) are treated as pure separate
phases; and if asi¢ = 1 the solid forms, but if asiq < 1 the solid does not form.

The first assumption is reasonable, since the system pressures that are being
considered are not extreme nor justify a real gas treatment. The third assumption is
reasonable for oxides and spinels. The second assumption and the simplification of
treating solid metal components as mutually insoluble, was recognized as being only a

first approximation to facilitate computations in the absence of data.

Once the concept had been shown to have merit, the next improvement to the
model was to provide a better treatment of the metal elements, both in the liquid and solid
phases. In particular, attention was placed on the noble metals, Mo-Pd-Rh-Ru-Tc, which
are known to form white inclusions within nuclear fuel. It was felt that a proper
thermodynamic treatment of this quinary system would provide a significant and

justifiable enhancement to the fission product release model.

1.2 Objectives

The first objective of this research is to develop a complete thermodynamic model
for the Mo-Pd-Rh-Ru-Tc¢ Quinary system. Chapter 2 introduces the reader to the five
noble metals and provides a summary of thermodynamic and physical data that has been
published in the literature. Since these five elements represent the components of the
Mo-Pd-Rh-Ru-T¢ Quinary system, it is essential that a consistent foundation be
established (e.g., selecting a melting temperature for each element) before the

thermodynamic model of the quinary system be constructed. The second ter of the
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model, comprising models for the ten binary systems’, is presented in Chapter 3. The

complete model for the multi-component system is assembled in Chapter 4.

The second objective is to validate the thermodynamic model with experimental
data that is either self-generated or available in the literature. In Chapter 4 comparison
of the complete model to the limited data available in the literature is made. The
experimental procedure is outlined in Chapter 6, using techniques explained in detail in
Chapter 5. The experimental results are presented and discussed in Chapter 7. The

experimental results are also compared to the model.

The final objective is to show how to incorporate the thermodynamic model into a
series of fission product release calculations. Chapter 8 details how the thermodynamic
model, previously developed, is used to calculate fission product equilibrium

concentrations- boundary conditions in the release model.

1.3 Original Research

Since there are five noble metals, there are ten binary systems to consider. As
will be outlined in Chapter 3, prior investigators have thermodynamically modelled five
of these systems (i.e., the systems Mo-Pd, Mo-Rh, Pd-Rh, Pd-Ru, and Rh-Ru). However,
for one of these five systems, namely palladium-rhodium (Pd-Rh), experimental work at
the solidus-liquidus boundary has not previously been performed.

Furthermore, in order to provide a complete thermodynamic model for systems

that involve the noble metals, it was necessary to thermodynamically model the

° For a five component system there are (i) =10 binary, (§)=10 ternary, and (i) =5 quaternary sub-
systems.
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remaining five binary systems (i.e., the systems: Mo-Ru, Mo-Tc, Pd-T¢, Rh-T¢, and Ru-
Tc). This original modelling is outlined in Chapter 3, along with all the earlier

experimental work that pertains to phase equilibria in the appropriate binary systems.

Once the ten binary systems were thermodynamically modelled, an interpolation
procedure with small departure terms was used to provide a five component model for the
noble metals. These models are also original to this research. These models were
compared to previous experimental data and to physical measurements performed as part
of this work, the results of which are outlined in Chapter 7-Experimental Results and

Discussion.

Finally, the model derived for the noble metal alloys is incorporated into the
Fission Product Release Model. This incorporation of the developed thermodynamic
model is also original to this research. The noble metal solution models are introduced
into a Gibbs energy minimization program{'”, which incorporates other data for hydrogen
and oxygen containing species (nearly five hundred). The results of these computations
are captured using a numerical technique developed specifically for this project. The
Gibbs energy computations involving the noble metal alloy model from this research are
in this way accessible to a generalized fission product release program, the Fuel

Oxidation Release Model (FORM 2.0)['81,
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2. The Noble Metals

2.1 Preliminary Remarks

In the past 50 years considerable research has been performed to acquire
comprehensive tables of thermodynamic data. While some laboratories have closely
guarded their privately developed data'"®), the majority have not, and lately there has been

a movement towards adopting standard values?®?!, and maintaining a strict formalism

(e.g., expressing the heat capacity, Cp, as: C, =a+bT +cT™ +dT?).

In order to develop a quinary model that predicts the behaviour of alloys that
comprise the five elements, Mo, Pd, Rh, Ru, and Tk, it is essential that standard values,
such as melting and boiling temperatures, be defined. The following chapter defines the
heat capacity, AH,,, S, and transition temperatures for all phases (both real and
hypothetical) of each element. Crystal structure, isotopic abundance, and ionization
cross-section data for each element are also presented, thus providing the background

data for the elements that will be used in subsequent chapters.

2.2 Thermodynamic Data for Mo, Pd, Rh, Ru, and T¢
2.2.1 Heat Capacity

Linear regression was performed on the heat capacity, Cp, data from the literature
for all five elements (Mo®'], Pd®, Rh®#, Ru®?, and Tcl*2*)) in the solid phase to
obtain an expression of the form C, =a+bT +cT~> +dT?, for the temperature range 298

- 3000K. The same equation was adopted for the liquid phase over the same temperature

range.

Figure 2-1 shows the Cp for the condensed phases of each element plotted against
15



temperature. The filled symbols represent the values from the Facility for the Analysis of
Chemical Thermodynamics (FACT) database!'”), while the lines represent the regression

data. For all the elements, except technetium, there is reasonable agreement.
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Figure 2-1. Cp data for the condensed forms of Mo, Pd, Rh, Ru, and Tc. The filled
symbols are the measured data as reported in the FACT database!'”,, while the lines
represent the fit data.

The heat capacities for the solid and liquid phases, shown in Table 2-1, are given

for the temperature range 298-3000K.
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Table 2-1. C; data for Mo, Pd, Rh, Ru, and Tc in the condensed phases.

Cp =a+bT +cT? +dT? (JfmolK)
Element a bx10’ c dx10®°  Tyin (K) Tyax (K)
Mopey  30.861 -7.2934 -534070  5.1509 298 3000
Mogg 30861 -7.2934 -534070  5.1509 298 3000
Mogq 55280 - - - 3000 4919
Pdge  25.028 54404 -67548  -- 298 3000
Pdyy 25028 54404 -67548  -- 298 3237
Rhy 20811 13.4000 33942  -2.2679 298 3000
Rhg,  20.811 13.4000 33942  -2.2679 298 3000
Rhy, 40747  -- - - 3000 3970
Rug 22236 4.1437 40607  1.6015 298 3000
Ruge 22236 4.1437 40607  1.6015 298 3000
Rug, 49.085 - - - 3000 4423
Teen 24339 59095 -127217 - 298 3000
Teag 24339 59095 -127217 - 298 4538

The Cp data for the monatomic gaseous phase of the elements, Table 2-2, were

determined by fitting Cp data from the literature?24#>2%,

Table 2-2. Cp data for Mo, Pd, Rh, Ru, and Tc in the gaseous phase.

C,=a+bT+cT? +dT* +eT™ + fT (Jimol'K) Trin  Twax
|Element a bx10’® c dx10° e K K
Mog.y 110886 -26399 2206221 4.8623  41776.1 -3814.35 298 5000
Pdg. 20766 - - - - - 298 600
Pdgs -1660.360 360.392 78544724 -43.1102 -1058487.7 74130.74 600 2700
Rhg,, 121368 -21.559 -1401627 2.6359 382484 -3568.60 298 5000
Rug. -52.257 9.072 4749159 0.1140 -66009.4 412810 298 5000
Tegey 21075 - - - - - 298 500
Tegesy 654.001  -0.131 18582271 150784 336236.8 -26145.60 500 3500

2.2.2 Crystal Structures, Transition Temperatures, Enthalpies, and Entropies

The five elements can be classified according to their stable crystal structure in
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the solid phase: Mo is body-centred cubic; Pd and Rh are face-centred cubic; and Ru and
Tc are close-packed hexagonal. Table 2-3 shows selected physical data for each of the
five elements. It should be noted that none of these elements exhibit allotropic behaviour

at atmospheric pressure.

Table 2-3. Physical data for Mo, Pd, Rh, Ru, and Tc.

Atomic Stable Atomic Lattice Parameters
Mass Densi Crystal Radius at 273K
Element (amu) (g:em™) Structure (nm) (nm) References
Mo 9594 1022 cR/Mbcec 0.136 a=0.3147 22,25,26,28
Pd 106.42 12.04 cF4/fcc 0.138 a=0.3890 22,25,26,28
Rh 10291 12.42 cF4/fcc 0.134 a=0.3803 22,2526,28
Ru 101.07 12.45 hP2/cph  0.132 a=0.2706; c=0.4282 22,25,26,28
Te 9891 1140 hP2/cph  0.132 a=0.2740; c=0.4400 22,2526

In order to maintain a consistent set of data, melting and boiling temperatures for
each of the elements were chosen that agreed with values published in the Journal of
Phase Equilibria® and the Binary Alloy Phase Diagrams™!. The melting and boiling
temperatures from these sources are presented in Table 2-4, along with the corresponding
uncertainties. For comparison the values in the FACT!""! database are also presented
here. The uncertainty of the boiling temperatures for the elements was not provided in
the literature. The melting temperatures for molybdenum were already in agreement at
2896K, but for palladium and rhodium there was a difference of up to 3K between the
adopted values of 1827K and 2236K, and 1825K and 2233K from the FACT database.
The melting temperature for ruthenium given in the FACT database was 2523K, which is
considerably lower than the selected value of 2607K. The melting temperature for
technetium was 4K lower in the FACT database!'”! than the selected value of 2477K from

the Binary Alloy Phase Diagrams®), but well within the uncertainty of temperature
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measurement. On the whole the boiling temperatures were not in reasonable agreement,
but it should be noted that the data at these extreme temperatures is limited and generally,

based on extrapolated vapour pressures measured at much lower temperature.

Table 2-4. A comparison of the transition temperatures from FACT!'"! with those of the

present work.
FACT VUncertainty Present Work Uncertainty
Element Transformation (K) (K) K) (K)

Mo Melting 2896 +8 2896 +8
Mo Vaporization 4957 not reported 4919 not reported
Pd Melting 1825 +3 1827 £3
Pd Vaporization 3385 not reported 3237 not reported
Rh Melting 2233 +3 2236 +3
Rh Vaporization 4230 not reported 3970 not reported
Ru Meiting 2523 10 2607 10
Ru Vaporization 4606 not reported 4423 not reported
Te Melting 2473 £50 2477 50
Te Vaporization 5584 not reported 4538 not reported

The enthalpies and entropies of formation at 298K for the solid, liquid, and gas
for each element are given in Table 2-5. For the solid phase of each element, the

enthalpy and entropy shown are for the stable crystal structure, as noted. The entropy at
298K, S5, was adopted from the FACT database!'”. For convenience, the melting and

vaporization temperatures (Ty and Tv) are also provided.
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Table 2-5. Standard Enthalpy and Entropy of Formation (at 298K) data for the elements

Mo, Pd, Rh, Ru, and Tc.
Transformation Temperature
AH, Srog Temperature Range

Element (J/mol) (J/molK) X (K) Ref.
Mo 0 28.61 Tu= 2896 298-3000 K 28,29
Mogiq) 41403 42.90 Ty=4919 298-3000 K 28,29
Mo, 738347 227.84 298-5000 K 28,29
Pdtc) 0 37.82 Tu= 1827 298-3000 K 22,24,28
Pdgiq) 16480 46.84 Tv=3237 298-3237K 28,30
Pdgay 381565 168.94 298-600 K 28,30
Pdgay) 378970 161.36 600-2700 K 28,30
Pdeq 346872 128.11 2700-5000 K 28,30
Rbyery 0 31.51 Tm=2236 298-3000 K 24,28
Rhgig 26568 43.39 Tv=3970 298-3000 K 28,30
Rh,,) 555125 186.93 298-3970 K 28,30
Ruyepn) 0 28.53 Tu=2607 298-3000K 24,28
Rugig 38589 43.34 Ty=4423 298-3000K 28,30
Rug,, 677613 195.21 298-5000 K 28,30
Tc(cpn) 0 3347 Tu=2477 298-3000 K 28
Teqiq) 33290 46.91 Ty=4538 298-3000K 24,28
Tegas 650608 190.90 298-500 K 24,28
Tegas) 650597 190.86 500-3500 K 24,28
Teigas) 690777 23141 3500-5000 K 24,28

In order to model the ten binary systems, ten temary systems, five quaternary
systems, and one quinary system, that can be constructed from these five elements, it was
necessary to consider hypothetical crystal structures (e.g., Mo as fcc or cph). Then
reasonable, yet still hypothetical, enthalpies of melting and corresponding transformation
temperatures, were assigned, since these are required for the Gibbs energy of mixing
expression for a particular phase (e.g., fcc-solid). The procedure for this is outlined in

Section 3.1. Table 2-6 shows the thermodynamic data for each of the four elements,
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including the assigned hypothetical properties for hypothetical crystal structures. These

data may be considered to be the “lattice stabilities” with respect to the liquid phase.

For technetium, the data for hypothetical face-centred cubic, body-centred cubic,
and tetragonal structures were assumed in a manner consistent with the values of the
close-packed structure, and in the absence of data to the contrary, chosen to facilitate the

assemblage of the binary phase diagrams of technetium.

Table 2-6. Thermodynamic data for Metalsqig) = Metal(iquia).

Phase AHy ASy Tm Reference
Mo (bec) 41403 14.30 2896.0 31,32
Mo (fcc) 26203 14.93 1755.5 31,32
Mo (cph) 29853 14.30 2088.1 31,32

Pd (fcc) 16480 9.02 1827.1 31,33-35
Pd (cph) 12300 14.88 826.6 31,34,35
Pd (bcce) 12300 12.37 994.3 31
Rh (fcc) 26568 11.88 2236.4 32-34
Rh (cph) 25910 12.51 2071.1 32,34
Rh (bee) 19664 16.27 1208.6 32
Ru (cph) 38589 14.80 2607.1 34
Ru (fce) 21019 8.94 2350.6 34,35
Ru (bee) 30420 12.51 2431.7 35
Tc (cph) 33290 13.44 2471.0 22,28
Tc (fce) 30000 14.00 21429

Tc (bcc) 28000 12.00 23333
Tc (tetra) 20000 13.50 1481.5

2.2.3 Phase Diagrams for the Elements
Because some of the experimental work that was performed for this project used a
Knudsen cell coupled to a mass spectrometer to measure vapour pressures on the order of

10* to 10™'° atm, it was important to understand the relationship between temperature and
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vapour pressure for the five elements. From Figure 2-2 it can be seen that palladium is
the most volatile, followed by rhodium, ruthenium, technetium, and molybdenum in that

order.
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Figure 2-2. The Unary Phase Diagrams (superimposed) for Mo, Pd, Rh, Ru, and Tk,
showing the relative partial pressures and their respective triple points.

Table 2-7 summarizes the triple point temperatures and corresponding pressures

for Mo, Pd, Rh, Ru, and Tc.

Table 2-7. The triple point temperatures and corresponding pressures for the elements.

Triple Point Temperature  Pressure at Triple Point
Element (K) (atm)
Mo 2896 2972 x 107
Pd 1827 3.782 x 10°
Rh 2236 6.957 x 10
Ru 2607 9.275 x 10
Te 2477 1.832x 10°
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2.3 Isotope Abundance and Ionization Cross-Section Data

Mass spectrometry measurements require knowledge of the relative abundance of

the isotopes for each of the five elements, as well as their ionization cross-section. Of the

26 isotopes for molybdenum listed in the CRC Handbook of Chemistry and Physics!*®!

only seven have a natural abundance above one percent. For palladium there are six

important isotopes, for rhodium only one, and for ruthenium seven. Because technetium

is an artificial element, there are not any naturaily occurring isotopest®®!. Table 2-8

summarizes the relative abundance for the various isotopes of Mo, Pd, Rh, and Ru.

Table 2-8. The relative abundance of the main isotopes of Mo, Pd, Rh, and Rul%!.

Isotope Mo Pd Rh Ru

(amu) (%) (%) (%) (%)
92 14.84 - - —
94 9.25 - - -
95 15.92 - - -
96 16.68 — — 5.53
97 9.55 — - -
98 24.13 - - 1.89
99 - - - 12.71
100 9.63 - - 12.61
101 — - .- 17.01
102 - 1.02 - 31.62
103 — — 100 -
104 - 11.14 - 18.72
105 — 22.33 - -
106 - 27.33 - -
108 -— 26.46 - -
110 -— 11.72 - -

In order to calculate the partial pressure of a particular element, it is necessary to

know the maximum ionization cross-section. The data for the maximum ionization
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cross-section for each element relative to argon®’! is presented in Table 2-9. The
maximum ionization cross-section for argon at 326V was reported as 2.83 x 10™° cm? in

the literature®”.

Table 2-9. Data for the maximum ionization cross-section of the noble metals®”),

Element Ionization Cross-Section
(cm?) at 32eV
Mo 7.39 x 107
Pd 6.55 x 107!
Rh 6.61 x 1076
Ru 720x 101
Te 6.31 x 107

24 Technetium

For the present work, technetium provided a special challenge. The most stable
isotope e, is not readily available commercially and the radioactive nature of Tc,
especially ®™Tc, which has a haif-life of 6.01 hours!'), makes experimental work
involving Tc difficuit at best and generally hazardous to the extent that apparatus can
become radioactively contaminated. Because of the safety hazards posed by Tc,
experimental work, particularly the Xnudsen Cell/Mass Spectrometry (described in
Sections 5.3 and 6.3) did not include Tc in the noble metal alloys. However, for

modelling purposes, the element was included.

25 Palladium
As mentioned previously in Section 2.2.3, palladium is the most volatile of the
noble metals. Because of this, the Knudsen Cell/Mass Spectrometry experimental work,

described in Sections 5.3 and 6.3, targeted the vapour pressure of palladium in the noble
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metal alloys. However, before the four component alloys were examined, the apparatus
was calibrated on a pure palladium sample, and comparison with the literature values for

the vapour pressure of Pd was made (See Figure 7-7 in Section 7.3.1.2, p.132).
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3. Critical Assessment of the Binary Alloy Phase Diagrams

3.1 Preliminary Remarks

There are ten binary systems that can be formed from the noble metals, Mo, Pd,
Rh, Ru, and Tc. Although the Binary Alloy Phase Diagrams (BAPD) published by the
American Society for Metals (ASM)P¥ contains diagrams for nine of these systems, Ru-
Tc being absent, there currently are only five systems that also have self-consistent
thermodynamic evaluations presented in the literature. This lack of thermodynamic
evaluations does not mean that these systems have not been studied. On the contrary, the
importance of these five metals as alloy inclusions in nuclear fuel has been recognized for
many years' >7*%°]_ In this chapter each binary system wili be critically examined, with a
presentation of the experimentai work that has previously been performed, and the
subsequent conclusions that were drawn. Where appropriate, previous equilibrium phase
diagrams will be included in order to demonstrate the progress of knowledge and to

highlight areas of agreement and disagreement over nearly 50 years of research.

In order to present a comprehensive thermodynamic treatment for each of the ten
binary systems, it is necessary to develop Gibbs energy expressions for each phase that is
present in the binary system. It should be noted that the thermodynamic data for the
“lattice stabilities” (both real and hypothetical) for the components in the ten binary
systems were presented in Table 2-6 of Section 2.2.2 (p.21). These data comprise only
part of the necessary Gibbs energy expressions for each phase present. The complete
expression for the Gibbs energy for any phase in a binary system A-B, is given in
equation (3.1), where: the first two terms represent the energy components attributable to

the lattice stabilities of A and B, respectively; the third term expresses the ideal mixing
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term, which is a function of the proportion of A and B present in the phase, and the
temperature; and the fourth term is an expansion series which accounts for deviations

from ideal mixing.

AGu. =X, (H,-TS) +X, (H;-TS,)
N e e —
lattice stability for A lattice stability for B

+RT(X,In X, +X,nX,)+> X, X, [(h-sT)X; ]

=0

(3.1)

ideal mixing term excess Gibbs energy
where X, and Xj represent the mole fractions of A and B, T the absolute temperature, R
the gas constant, A and § ° the enthalpy and entropy contributions to the lattice energy,

and /; and s; the enthalpy and entropy contributions in the excess Gibbs energy series.

It should be noted that the main purpose of thermodynamically modelling these
ten binary systems is to develop a multi-component model. It is necessary, therefore, in
systems that only contain two phases (e.g., Pd-Rh), to include Gibbs energy of mixing
terms for all hypothetical crystal structures (e.g., a hypothetical close-packed hexagonal
phase in the Pd-Rh system) in the modelling endeavour. With such hypothetical mixing
terms it is thus possible to construct a multi-component model (details of this are

explained in Chapter 4) using interpolation procedures.

Each binary system will be examined in terms of previous experimental work,
most recent and thus “accepted” evaluation, including those evaluations original to this
research, and thermodynamic properties. Only the expressions for the excess Gibbs
energy of mixing will be presented, since the lattice stabilities were presented in Table
2-6 of Section 2.2.2 (p.21). Furthermore, a plot of a Gibbs energy isotherm, showing the
various Gibbs energy of mixing curves as functions of composition at 1800K, is included,

since the phase diagram was ultimately derived from a series of these over the given
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temperature range.

3.2 Mo-Pd
3.2.1 Previous Studies of the Mo-Pd System

One of the first studies of the molybdenum-palladium system was performed by
Raub™ in 1954. For a series of ailoys both the crystal structure and lattice parameter
were determined at 1073K, 1123K and 1473K. At these three temperatures for alloys of
molybdenum composition less than 32.26 atomic percent, only a face-centred cubic phase
was observed (i.e., palladium-rich solid solution). In the range 44 to 77.18 atomic
percent molybdenum, two phases, namely face-centred and body-centred cubic, were
observed. Results for alloys extremely rich in molybdenum were not reported. 1t is
noteworthy that Raub did not find evidence for any intermediate compounds, especially

at the lower temperatures.

Haworth and Hume-Rothery examined the molybdenum-rich side of this system
using classic metallographic techniques and X-ray diffraction*!.. The results are shown
in Figure 3-1. The important discovery was the presence of a high temperature close-
packed hexagonal (cph) e-phase that exists between 50 and 60 atomic percent Pd. The

temperature range for the e-phase extends from above 1988K to slightly below 1673K.

In 1964, the palladium-rich side of the Mo-Pd phase binary diagram was studied
in some detail by Anderson'*?. Anderson confirmed the presence of the e-phase and the
results indicated that there was a narrow compositional range at about 52 atomic percent
Pd. Furthermore, an estimation of the maximum solubility of palladium was made to be

6.5 atomic percent at the peritectic temperature of 2028K +10K. Together with the work
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of Haworth and Hume-Rothery™!!, Anderson provided a complete graphical

representation above 1623K for the Mo-Pd system. This is reproduced in Figure 3-2.
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Also in 1964, Savitskii et al.1**! used several methods to investigate Mo-Pd alloys
across the complete compositional range, and published a different equilibrium diagram.
Although there are differences between this evaluation and the previous investigations of
Haworth and Hume-Rothery™*!! and Anderson!*?,, Savitskii et al. confirmed the presence
of the cph ¢ phase (composition of approximately 53.5 atomic percent Pd), which was
reported to form at 2023K +25K via a peritectic reaction, Liquid + (Mo) — ¢, and
decomposed at 1698K +25K via an eutectoid reaction, € —» (Mo) + (Pd). Savitskii et al.

also reported the absence of any low temperature intermetallic compounds.

Discrepancies occur in two major areas of the diagram, namely at the extremes of
composition in the regions of solid solubility. Savitskii et al.l*’! reported that the
maximum solubility of Pd in molybdenum lies between 9 and 14 atomic percent, values
higher than that of Anderson®’. On the palladium-rich side of the diagram, it was
reported that the maximum solubility of Mo in palladium extended only to 33 atomic

percent, as opposed to the 40 atomic percent of Andersont*?!

. Both papers agreed that
these values change little with decreasing temperature. Also, Savitskii et al. suggested
that there exists a peritectic reaction of Liquid + £ — (Pd), which produces, as a
consequence of this postulated behaviour, a liquidus curve that is dramatically distended
towards the palladium side of the phase diagram.

The results showing higher solubilities of Mo in palladium were confirmed by

Zaiss et al.*!

, who used quantitative electron-probe-microanalysis to study diffusion
processes in the Mo-Pd system, and thereby determined the solvus line for the fcc

palladium-rich phase. Their results are summarized in Table 3-1.
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Table 3-1. Solubilities of Molybdenum in Palladium from Zaiss et al.”**l,

Temperature Solubility of Mo in Pd
K (Atomic % Pd)
1273 65.0
1373 64.0
1473 62.0
1573 60.5
1763 57.0
1873 54.0

In the literature the first calculated evaluation for the Mo-Pd binary system was
presented by Rand and Potter™), although the mathematical expressions for the Gibbs

energies were not published. This evaluation is shown in Figure 3-3.
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Figure 3-3. Computer generated evaluation of Rand and Potter™).
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The evaluation published by Rand and Potter was, as they themselves noted®”,
based predominantly on the work of Haworth and Hume-Rothery™!!, and Anderson*?,
and as a consequence accepted the solubilities of Pd in molybdenum reported by these
authors as opposed to the higher solubilities reported by Savitskii et al!*’! and the
extremely high solubility of over 25 atomic percent Pd in Mo that was reported in 1956
by Greenfield and Beck!*l. The latter examined only two alloy compositions from this
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system. Furthermore, the evaluation of Rand and Potter accepted the idea of a congruent
melting point and a eutectic transformation on the palladium side of the diagram
suggested by Andersont*?, instead of the peritectic reaction proposed by Savitskii et

al.[“] .

Although Raub, Haworth and Hume-Rothery, Anderson, and Savitskii et al 0431,
quite distinctly reported the absence of any intermetallic compounds, Maldonado and
Schubert™* claimed that an ordered compound MoPd, exists below 1273K. The
evaluation of Rand and Potter conveniently avoids addressing this issue by limiting their
evaluation to a temperature range above 1300K. Brewer, in his comprehensive review of
molybdenum®, includes MoPd, in his proposed phase diagram, shown in Figure 3-4, for

the Mo-Pd binary system, and this is the current evaluation published by the ASM(?*!,
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Figure 3-4. Mo-Pd equilibrium diagram from BAPD?%!,

In order to clarify the various discrepancies within the Mo-Pd system, Kleykamp
reinvestigated the system over the whole composition range from 1143K to 2273K57,

This evaluation is shown in Figure 3-5.
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Figure 3-5. Phase diagram proposed for the Mo-Pd system by Kleykamp!*'.

The extensive study by Kleykamp both clarifies and obscures the controversial
aspects of the Mo-Pd phase diagram, On the Mo-rich side of the diagram, differential
thermal analysis (DTA) of a 95%Mo/5%Pd alloy indicates a solvus temperature at 1973K
and a solidus temperature of 2108K!*"). This result, together with X-ray microanalysis
results for a series of alloys, indicated a limited solubility of Pd in molybdenum, thus
confirming the results of Haworth and Hume-Rothery. Kleykamp also confirmed the
existence of the e-phase, but he placed it at 55 atomic percent Pd, a value slightly closer

to the palladium rich side of the diagram.

As far as the existence of the compound MoPd,, there was not any evidence at the

lowest temperatures, i.e., 1143K and 1173K.

As can be seen from Figure 3-5, Kleykamp proposed the peritectic reaction,
Liquid + & — (Pd), on the palladium side of the binary system. But, it should be noted

that there were inconsistent results here. X-ray microanalysis suggested that the solvus
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boundary between the € + « region and the a-phase region are at 59 atomic percent Pd at
1773K and 1873K. However, irreproducible differential thermal analysis peaks were
interpreted, as shown in Figure 3-5, to be indicative of a solvus that extends toward the
palladium rich side of the diagram. Finally, the presence of a liquidus DTA result at 60
atomic percent Pd at 2203 or 2213K, suggested that the p + Liquid region, and by
extension the Liquid + € region, was distended towards the palladium side of the diagram.
Such a result, if accurate, would exclude the possibility of a eutectic reaction and
congruent melting point involving the liquid and o phases. Unfortunately, Kleykamp did

not offer any comment.

Kleykamp reported on the possible existence at temperatures above 273K of the
compound Mo;Pd, but as he noted the possibility that this phase was stabilized by the

presence of oxygen, it is not included on the binary phase diagram.

By using electromotive force (emf) techniques and the galvanic cell shown in
(3.2), the relative partial molar Gibbs energy of molybdenum in the Mo-Pd system was

measured from 973K to 1373K.
() Re|Fe, FeO, ;5| Zr(Ca)0,|M00,, Mo - Pd alloy| Re(+) (3.2)
At 1200K the relative partial molar excess Gibbs energy of molybdenum at
infinite dilution in palladium was measured to be: AGsoar x,,=1 =—94kS / mol 71
Another re-investigation of the Mo-Pd binary system was made by Giirler and
Pratt®®, who used ultra-rapidly solidified samples to achieve equilibrium much more

quickly upon subsequent annealing. The alloys studied were in the temperature range

1153K to 1373K, and the results are presented in Figure 3-6.
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Figure 3-6. Comparison of resuits from Giirler and Pratt"®! with others.

The results from Giirler and Pratt*®! indicated that there was not any evidence for
the formation of either MoPd, or Mo;Pd at temperatures above 1153K. Furthermore, this
investigation confirmed the limited solubility of Pd in molybdenum, and the results are in

agreement with Zaiss et al.[*!! on the solubility of molybdenum in palladium.

The Mo-Pd was thermodynamically evaluated by Giirler®"! and summarized by
Okamoto' in the Journal of Phase Equilibria*®. This evaluation is shown in Figure 3-7,
but it should be noted that there is a problem with the placement of the e-phase, which is
depicted to extend to 46 atomic percent Pd, when in the evaluation of Giirler®"! it clearly

extends to 52 atomic percent Pd. Also of note is that this evaluation assumes the eutectic

* Note that X-ray data points referenced (L.C] are referenced intemnally by Giirler and Pratt™®!, and are from:
L.A. Comnish, PhD Thesis, Birmingham University, (1985).

' The summary by Okamoto contains typographical errors in the table of thermodynamic data. All the
Gibbs energy data for Pd is labelled Rh, and the Gibbs energy expression for the Pd-bce structure should
read: -12300 + 12.37T F/mol (not 12.35T); as in accordance with Giirler®'L,
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reaction and congruent melting point on the palladium side of the diagram, thereby

disregarding the seemingly erroneous liquidus data point reported by Kleykamp[m.
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Figure 3-7. The updated ASM diagram based on Giirler*"**!.

3.2.2 Accepted Evaluation for the Mo-Pd System

The Mo-Pd phase diagram as evaluated by Giirler'®'! is shown in Figure 3-8. This
evaluation has a eutectic reaction, Liquid — £ + (Pd) at 2005K, and a congruent melting
point at 2008K and 61.6 atomic percent Pd. It can be seen that unlike Figure 3-7, the g-
phase straddles the centre of the diagram and is positioned more in keeping with the
results of Haworth and Hume-Rothery®®'!, and Anderson*?. The possible compound

MoPd, has not been included in this evaluation. The evaluation by Giirler®"! has been

accepted in the present work.
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Figure 3-8. The Mo-Pd system as evaluated by Giirter™™"!, showing critical features.

A detailed view of the eutectic reaction at 2005K, shown in Figure 3-8, is clearly

presented in Figure 3-9. The Phase Rule is obeyed in the regions bordering the e-phase.
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Figure 3-9. Computed detail of the Mo-Pd phase diagram near the eutectic reaction.
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3.2.3 Thermodynamic Properties for Mo-Pd Binary System

Although it has been shown that there has been extensive experimental work
performed in this system, there has been only limited thermodynamic data measured. As
mentioned previously, Kleykamp measured the relative partial molar Gibbs energy of

molybdenum from 973K to 1373K. At 1200K the relative partial molar excess Gibbs

energy of Mo at infinite dilution in palladium” was: AG o Xpgut ==94KT [ mol ¥,

Although Rand and Potter®™ provided a mathematical evaluation of the Mo-Pd
system, they did not report the coefficients of the Gibbs energy expressions that they used
to determine that evaluation. However, in the evaluation by Giirler, shown in Figure 3-8,
expressions for the excess Gibbs energies of mixing, as well as the Gibbs energies for the
lattice stabilities of the various phases are reported. The energy expressions for the
lattice stabilities were summarized in Section 2.2.2 - Crystal Structures, Transition
Temperatures, Enthalpies, and Entropies. The excess properties of mixing for the four

phases in the Mo-Pd system are B!l

AGF g = X,y X 5y 366904.56—478773.X,, - (193.12~216.85X,,) T | J/mol (3.3)
AGE, = X, X, [ 40328.63+1220269.X,, -(73.49+159.92X,,)T | Jmol  (3.4)
AGE, = X, Xp, [ 711076.50-100416.81X ., —(50.59~27.84.X,,,) T | J/mol (3.5)

AGE, = X1, X,,[11387.07+656.46 X, —(16.81+53.33X,,) T | Jmol  (3.6)

A plot of the Gibbs energy of mixing curves for the four phases of the Mo-Pd

system at 1800K is shown in Figure 3-10.

° The standard state was not specified by Kleykamp, but it is reasonable to assume that it was bec-Mo.
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Figure 3-10. Gibbs Energy Isotherm at 1800K for Mo-Pd system.
3.3 Pd-Ru
3.3.1 Previous Studies of the Pd-Ru System
One of the earliest studies of the palladium-ruthenium binary system was
performed by Rudnitskii and Polyakova™!. These investigators used various techniques
including X-ray analysis, thermo-emf measurements, differential thermal analysis, and
measurements of hardness and electrical resistance to generate the phase diagram shown

in Figure 3-11.
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Figure 3-11. Pd-Ru diagram as evaluated by Rudnitskii and Polyakoval™.

As can be seen in Figure 3-11, there is reasonable mutual solubility of these two
components in each other. In the case of ruthenium into Pd, the solubility iimit was
measured to lie between 10 and 15 atomic percent Ru. For palladium in Ru, the
solubility was measured as about 10 atomic percent Pd in ruthenium at 1000K. Above

1000K the solubility of Pd was assumed to increase.

Perhaps the most interesting feature of this evaluation was the indicated presence
of an intermediate phase region (labelled B-phase in Figure 3-11) around 15 atomic
percent Ru. Rudnitskii and Polyakoval®”! suggested that the intermediate B-phase is
formed by a peritectic reaction of Liquid + Ru-rich solid — § at 1866K, and that a second

peritectic reaction, Liquid + § — Pd-rich solid, occurs at 1848K.

Darling and YorkeP!! also examined the palladium-ruthenium system, but unlike

Rudnitskii and Polyakova®®® they did not find evidence of an intermediate phase.
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Obrowski and Zwingmannis21

were also unable to detect the presence of the
intermediate phase in the palladium-ruthenium system. Although this work confined
itself to the palladium-rich side of the system, the various experimental techniques,
namely thermal and X-ray analysis, and microscopy, provided consistent evidence for the
absence of the intermediate §-phase. Instead only one peritectic reaction, Liquid + Ru-

rich solid — Pd-rich solid at 1858K, was observed. This agreed with the work of Darling

and Yorkel®'l,

In their modelling of the Mo-Pd-Ru temary system, Rand and Potter™ briefly
reviewed the aforementioned papers in order to summarize the data that were used in
their evaluation. The result of their review was the phase diagram depicted in Figure
3-12, which was derived graphically from considering previous experimental work.
Rand and Potter based this diagram predominantly on the work of Darling and Yorke®',
noting that the intermediate phase detected by Rudnitskii and Polyakoval®®! may have
been an artifact that resulted due to the presence of RuQO; in some of the samples. Since
Darling and Yorke used purer starting materials than Rudnitskii and Polyakova, the

results of the former were preferred over those of the latter.
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Figure 3-12. The Pd-Ru phase diagram suggested by previous experimental work®>,

The phase diagram calculated by Rand and Potter is shown in Figure 3-13. In this
diagram the temperature of the peritectic reaction has been raised approximately 60K,
and as a consequence the left-hand side of the peritectic tie-line has shifted to the right.
Rand and Potter also commented that there was a lack of experimental thermodynamic
data with which to base their evaluation, and so they estimated a few parameters based on
values taken from their evaluations of Mo-Pd and Mo-Ru (mentioned in Sections 3.2.1
and 3.6.1, respectively). Unfortunately, the parameters used in the evaluation by Rand

and Potter were not published.
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Figure 3-13. The Pd-Ru phase diagram calculated by Rand and Potter**.

Using X-ray microanalysis and X~-ray diffraction, Kleykamp[‘m confirmed that
the palladium-ruthenium system was a simple peritectic system as proposed by Darling
and Yorke®'!, His proposed phase diagram is shown in Figure 3-14. It can be seen that
the maximum solubility of palladium in Ru is relatively constant (at 7.7 £0.3 at.%Pd)
below the peritectic temperature of 1867K. This differs from previous work that
suggested that solubility of palladium in Ru increased dramatically towards the pentectic
temperature. On the palladium-rich side of the diagram, the maximum solubility of

ruthenium in Pd is about 19 at.% Pd at the peritectic temperature.
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Figure 3-14. Pd-Ru phase diagram as proposed by Kleykamp[‘m.
Supplemental experimental data in the form of limited differential thermal
analysis results confirmed the general form of the diagram, but unfortunately as a resuit
of degradation of the thermocouples caused by the high palladium vapour pressure, data

charting the liquidus was limited to one point at Xpg =0.5.

Kleykamp!”! also obtained the first thermodynamic data for this system by the

emf method using a solid galvanic cell in the arrangement:
() Pt|Ru, Ru0,| Zr(Ca)O, |Ru0,, Ru — Pd alloy| Pt(+) (3.0
From this galvanic cell the activity of ruthenium was determined in the two phase

region. At 1100K and 1200K, AGa =-5760J/mol and AGr =-6260J/mol’,

respectively, and the activity of ruthenium was calculated to be 0.53 at both temperatures.

Gilrler provided a computer assessment of this system®"), based on the single

peritectic description as suggested by the authors noted above. This evaluation, shown in

* The standard state was not specified by Kleykamp, but it is reasonable to assume that it was cph-Ru.
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Figure 3-15, agrees with the features reported previously. The peritectic reactior: occurs

at 1867K, at Xg, =0.185.
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Figure 3-15. Evaluation proposed by Giirler™,

A summary of the vartous evaluations of the palladium-ruthenium system was

published in the Journal of Phase Equilibria®™!, and is reproduced in Figure 3-16.
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Figure 3-16. From the summary by Tripathi et al.>*!, detailing experimental work
performed in the palladium-ruthenium system.
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The current evaluation published by the ASM!?! is presented in Figure 3-17.
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Figure 3-17. Pd-Ru equilibrium diagram from BAPD®],
3.3.2 Accepted Evaluation for the Pd-Ru System
The currently accepted evaluation by Giirler®! is shown in greater detail in Figure
3-18. This evaluation shows only terminal solid solutions with a two-phase region in
between, and is characterized by the peritectic reaction, £ (cph-Ru) + Liquid & a (fcc-
Pd). A further feature of interest, although it is not evident in Figure 3-18, is that the

solidus boundary of the o + Liquid region, passes through a minimum at 1826.4K when

Xry =0.0103.
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Figure 3-18. The Pd-Ru system as evaluated by Giirler™®.

3.3.3 Thermodynamic Properties for Pd-Ru Binary System

The excess properties of mixing for the four solution phases are **!:

AGE s = Xy X, [187564.062 -62169.281X 5, ~(63.661-6.64X,,)T ] J/mol (3.8)

AGE, = X5, X,, [-5049.035+17.59T] Jimol (39
AG;, = XpyX,,[-1524.818+14.933T] J/mol (3.10)
AGy, = X, X,,[20000] J/mol (3.11)

A plot of the Gibbs energy of mixing curves for the four solution phases of the

Pd-Ru system at 1800K is shown in Figure 3-19.

As mentioned previously, Kleykamp[‘m determined the partial free energy for

ruthenium” to be AGs. =-5760J/mol at 1100K and AGa =—6260J/mol at 1200K

* The standard state was not specified by Kleykamp, but it is reasonable to assume that it was cph-Ru.
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and ag, =0.53.
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Figure 3-19. Gibbs Energy Isotherm at 1800K for Pd-Ru system.

34 Rb-Ru
3.4.1 Previous Studies of the Rh-Ru System

Of the six binary systems that do not include Tc, the fewest number of
experimental studies pertain to the Rh-Ru system. Paschoal et al.’**! investigated the
system using metallography, X-ray diffraction, DTA, electron microprobe, and

microhardness measurements.

A summary of the results of Paschoal et al.®***! and two other minor papers

concerning the changes in lattice parameters was made by Tripathi et al.*®). The assessed

48



equilibrium diagram is presented in Figure 3-20.
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Figure 3-20. Rh-Ru equilibrium diagram from summary by Tripathi et al.¢l,

The current evaluation published by the ASM"! is presented in Figure 3-21.
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Figure 3-21. Rh-Ru equilibrium diagram®’).
3.4.2 Accepted Evaluation for the Rh-Ru System
The evaluation by Giirler *! has been accepted and is shown in Figure 3-22. The

diagram is characterized by a peritectic reaction, Liquid + Ruc, = Rhge. The terminal
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solid solutions dominate either edge of the diagram, with only a thin (less than 12 atomic

percent) two phase region.
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Figure 3-22. The Rh-Ru system as evaluated by Giirler™l.

3.43 Thermodynamic Properties for Rh-Ru Binary System

The excess properties of mixing for the four solution phases are (341,

AGr, iy = Xy X, [-35739.32+16.369T ] J/mol (3.12)
AGg, = X Xy, [-53477.07+21.738T | J/mol (3.13)
AG, = Xy X,, [-26440.004 +10.445T | J/mol (3.149)

AG;, = X4y Xy, [0+0T] J/mol (3.15

The Gibbs energy of mixing curves for the four solution phases of the Rh-Ru

system at 1800K is shown in Figure 3-23.

It should be noted that there is an absence of direct thermodynamic data for this

system.
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Figure 3-23. Gibbs Energy Isotherm at 1800K for Rh-Ru system.

3.5 Mo-Rh
3.5.1 Previous Studies of the Mo-Rh System

The work by Raub!*®! examined the crystal structure of nine alloys in the Mo-Rh
binary system. The results indicate that as well as terminal solids of body-centred-cubic
Mo and face-centred-cubic Rh, there is an intermediate close-packed hexagonal e-phase

that spans over 30 atomic percent. Raub did not offer a phase diagram.

Haworth and Hume-Rothery examined this system using classic metailographic
techniques®®!’, and studied alloys that varied from dilute rhodium alloys to rhodium
percentages up to 60%. Their partial evaluation of the molybdenum-rich side of the
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equilibrium diagram is shown in Figure 3-24.

TEMPERATURE.® C.

Figure 3-24. The molybdenum rich side of the Mo-Rh equilibrium diagram'

Haworth and Hume-Rothery determined that a eutectic transition occurred at
approximately 40 atomic percent rhodium and 2213K +15K. The maximum solubility of

rhodium in molybdenum occurred at 20 atomic percent Rh and 2213K.

In 1960, Anderson and Hume-Rothery™! investigated the rhodium side of the
phase diagram at temperatures above 1773K. A complete equilibrium diagram was

proposed that incorporated their results and those of Haworth and Hume-Rothery, and is

shown in Figure 3-25.
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Figure 3-25. Mo-Rh Equilibrium diagram from Anderson and Hume-Rothery®®®].

As can be seen in Figure 3-25, Anderson and Hume-Rothery™! postulated that the
intermediate e-phase extended from roughly 45 to 82 atomic percent Rh, and that there
was a congruent melting at approximately 67 atomic percent Rh and 2348K +10K.
Furthermore, on the rhodium side of the diagram, there was a peritectic transformation of
£ + Liquid - a-(Rh), where a- (Rh) is an fcc crystal structure, at 2273K +10K. The

maximum soluibility of Mo in rhodium was found to be 15 atomic % at the peritectic>®\.

The phase diagram proposed by Brewer has been adopted as the current

evaluation published by the ASM>?®!, and is presented in Figure 3-26.
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Figure 3-26. Mo-Rh equilibrium diagram from BAPD(#!,

3.5.2 Accepted Evaluation for the Mo-Rh System

The Mo-Rh system was evaluated by Giirler and Pratt and summarized by
Okamoto" for the Journal of Phase Equilibria "**°). The evaluation and thermochemicat
data by Giirler and Pratt were accepted but it was discovered in reprocessing their
thermochemical data that at temperatures above 3200K the face-centred cubic phase
reappeared (i.e., became stable) when 0.4 < Xy < 0.5. Since this is physically
unreasonable, the limitation that 0.54 < Xg, < 1 for the equations representing the fcc-

phase was made.

The Mo-Rh phase diagram is shown in Figure 3-27. It should be noted that the
model from Giirler and Pratt does not account for the compounds MoRh and MoRhj,

which do exist at lower temperatures™!. Giessen et al. showed that a 50 at.% Mo-50

*Once again the summary by Okamoto®™! contains a typographical error, namely that the second part of the
expression for the excess properties of the cph phase has the signs reversed on both constants.
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at.% Rh alloy annealed at 1223K for 36 hours exhibited an ordered oP4 structure”. They
also interpreted previous results by Anderson and Hume-Rothery™® to indicate the

presence of MoRh;, and suggested a structure type of hP8'.

3(;3((5) ~System Pressure is 1 atmosphere~ ; 3000
o Liquid + ¢
| Liquid |
- 2500 + (M-S)L 2386 144 T 2500
< 217 0.639 12236
2 [ 02057 s (0426 08131410866
g 2000 +Mo) 0.863/ - 2000
. ' I
g (Mo) +¢ € (Rh)-
P 4
1500 + T 1500
€+ (Rh)—
1000 +———-4———+———pi—i - 1000
0.0 0.2 04 0.6 0.8 1.0
Mo Rh
XRh

Figure 3-27. The Mo-Rh system computed using the data of Giirler and Pratt®?], with
appropriate compositional limitations placed on the data for the fcc phase.

3.5.3 Including MoRhk and MoRh; into an Improved Evaluation

The current accepted evaluation for the Mo-Rh binary system, that included data
estimated for the compounds MoRh and MoRh;, was evaluated specifically for this work
and is shown in Figure 3-28. It can be seen that above 1500K the diagrams shown in

Figure 3-27 and Figure 3-28 are identical.

" This is a simple orthorhombic structure. Giessen et al.®! reported it by the Strukturbericht designation
B19-MgCd.

' A simple hexagonal structure, reported by Giessen et al.! as Strukturbericht designation D0O,-MgCds.
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Figure 3-28. The Mo-Rh system incorporating the models of Giirler and Pratt®], and
also the data estimated for the compounds MoRh and MoRh;.

3.5.4 Thermodynamic Properties for Mo-Rh Binary System
The excess properties of mixing for the four solution phases in the Mo-Rh system

are [3212

~60261.04-84654.63.X ,, —27.78X2,

, J/moi (3.16)
-(-18.39-44.14X,, —0.22.X;,)T

AGgi;uH = XX |:

AGE, = Xy, X3 [ 22507.43-41776.92X,, - (5.48+7.67X,,)T| Jimol  (3.17)
AGE, = X,, X, [110113.559~199401.5.X,,, —(65.004-99.42.X,,, ) T'| Jfmol (3.18)

AGE, = X1, X o, [ ~8453.152-60006.5X,,, —(5.495-25.872X,) T | Jfmol (3.19)

For the compounds, MoRh and MoRbh;, the Gibbs energy expressions used were:

AGyos =—47100+16.7477T J/mol (per 2 mol of MoRh) (3.20)

AG i, =—50339.2+20T Jmol (per % mol of MoRh;) (3.21)
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Note that equations (3.20) and (3.21) refer to molybdenum and rhodium in their
liquid states (i.e, Mogiqy and Rhgiq)). These equations were derived in a manner that

provided a peritectoid reaction at 1323K, and eutectoid reactions at 1273K and 1436K.

A plot of the Gibbs energy of mixing curves for the four solution phases and the

two stoichiometric compounds of the Mo-Rh system at 1800K is shown in Figure 3-29.
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Figure 3-29. Gibbs Energy Isotherm at 1800K for Mo-Rh system.

3.6 Mo-Ru
3.6.1 Previous Studies of the Mo-Ru System
Anderson and Hume-Rothery®®!! studied the Mo-Ru system using X-ray

diffraction and classic metallographic techniques. They characterized this system with a
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body-centred cubic phase on the Mo-rich side, a close-packed hexagonal phase on the
Ru-rich side, and an intermediate tetragonal phase (o-phase) with the approximate
stoichiometry of MosRu;. Their proposed equilibrium diagram is shown in Figure 3-30,

but it should be noted that a thermodynamic evaluation was not offered by these authors.
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Molybdenum - ruthenium equilibrium diagram. x refer to X-ray points. The full points
refer to specimens analysed after the experiments. For thc open points, the compositions are
cither taken to be the same as the analytical values (or another specimen of the same bar, or
are the synthetic values: O, a~Mo; @), quenched liquid: (. a-Mo + liquid; O, a-Mo + a;
8.a—-Ru; @. a~Ru + liquid; ¢,a-Ru + o; A.a-Mo + a-Ru.

Figure 3-30. Mo-Ru equilibrium diagram from Anderson and Hume-Rothery®'!,

An investigation of the termary systems molybdenum-rhenium-niobium and
molybdenum-rhenium-ruthenium by Kieffer and Sedlatschek!®?! generally confirmed the
features proposed by Anderson and Hume-Rothery®'! for the Mo-Ru binary system. One
important distinction between the two diagrams is that Kieffer and Sedlatschek centred
the o-phase at a stoichiometry of Mo;Ru,, while Anderson and Hume-Rothery placed the
o-phase at MosRu;. Furthermore, Kieffer and Sedlatschek proposed an eutectoid
reaction involving 6 — MoOge) + Rugpny at approximately 1550K. The equilibrium
diagram that was proposed by Kieffer and Sedlatschek is shown in Figure 3-31.
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Figure 3-31. Equilibrium diagram proposed by Kieffer and Sedlatschek®!.

Rand and Potter™ based their modelling efforts on the experimentally
determined features depicted in Figure 3-32. In this work they treated the o-phase as a

stoichiometric (line) compound with the composition MosRu;.

x)

Temperature

~1273
q \
-~ P N PUNE RS - -
1000 0.25 () 075 Re
Xy

Figure 3-32. Experimentally based phase diagram for Mo-Ru, from which Rand and
Potter derived a mathematical model**.
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The phase diagram that was mathematically determined by Rand and Potter is
shown in Figure 3-33. It can be seen that the solidus and liquidus lines did not provide as
narrow a two phase region as that suggested by the experimental results which were
graphically represented in Figure 3-32. While Rand and Potter conceded this point, they
maintained that for their purposes the temperature range of interest was below 2200K,
and that in this region reasonable agreement was demonstrated between Figure 3-32 and
Figure 3-33. They also pointed to the limited amount of thermodynamic data published
for this system as a factor hindering the development of a better thermodynamic model.
Unfortunately, as was the case for their model of the Mo-Pd system, the parameters

derived for this model were not published in the literature®!,

(L3

Temperature

) (Y53 0s (33 1
Mo I, ~

Figure 3-33. The phase diagram for Mo-Ru as modelled by Rand and Potter™!.

A second intensive experimental examination of the Mo-Ru binary system was
undertaken by Kleykampm'ﬁ'“], and these experiments, while including traditional
techniques such as metallography, X-ray diffraction, and DTA to establish phase

boundaries, also employed the emf method to measure thermodynamic properties.
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By using DTA, Kleykamp established that the eutectic temperature in this system
was 2228K *+10K. Also using the DTA and dilatometry, the peritectoid and eutectoid
reactions that involve bcc-solid rich Mo, cph-solid rich Ru, and ¢ phases, were

determined to occur at 2188K and 1416K, respectively'®*l.

Results from the X-ray microanalysis (XMA) of a series of alloys heat treated at
various temperatures, were used to graphically determine the solvus lines in the Mo-Ru
system!®]. These results, along with the DTA and dilatometry results, are shown in

Figure 3-34.
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Figure 3-34. Experimental results from Kleykamp

[63]

Using the solid galvanic cell schematically shown in (3.22), the relative partial
molar Gibbs energy of molybdenum in the Mo-Ru system was measured from 1150K to

1350K.

(<) Re|Fe, FeO, 5| Zr(Ca)0,|M00,, Mo~ Ru alloy| Re(+) (3.22)

The relative partial molar excess Gibbs energy of molybdenum with respect to
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bee-Mo at infinite dilution in ruthenium was reported as follows: at 1200K,

AGiro. wrr.see =—43 kJ/mol, and at 1300K, AGto.wrssee =—40 kJ/mol.

3.6.2 The Current ASM Evaluation

The current evaluation published by the ASM?*! is presented in Figure 3-35. This
evaluation is derived completely from the graphically representation proposed by
(633

Kleykamp"~, and as yet, a thermodynamic model has not been published in the literature.
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Figure 3-35. Mo-Ru equilibrium diagram from BAPD8!,

3.6.3 Evaluation for the Mo-Ru System Original to this Work

An original thermodynamic model was evaluated for the Mo-Ru system, as part
of this thesis. Since there was limited thermodynamic data availablte!®!, and only two
major experimental papers (Anderson and Hume-Rothery®®'! and Kleykmnp[63]), there

were not any major conflicting data that had to be resolved”. Instead, by using the lowest

* For an example of conflicting data, the reader is referred to the Mo-Pd system, where the conflicting data
involved the possible existence of MoPd, and Mo,Pd at lower temperatures, or the Pd-Ru system, where an
intermediate compound was proposed in an early investigation.

62



common tangent approach, equilibria between the bcc-solid and cph-solid were

established using the features propesed by Kleykamp

163)

and illustrated on Figure 3-34.

As a further defining condition for the thermodynamic model, the relative partiai molar

excess Gibbs energies of molybdenum at infinite dilution in ruthenium that had been

measured by Kleykamp at 1200K and 1300K™, were used. This original evaluation is

shown in Figure 3-36. The o-phase is treated as a stoichiometric (line) compound with

composition MosRu;.
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Figure 3-36. The Mo-Ru system as evaluated for this work.

3.6.4 Thermodynamic Properties for Mo-Ru Binary System

The excess properties of mixing for the solution phases in the Mo-Ru system are:

AGr .y = Xy, X p, [-46277+26370X,, | J/mol

AGE, = X, X, [33863+730.47X,, ~18.335T] J/mol
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AGL, = X, X,, [ 78174-169180X,, —(50~80X,, )T | J/mol

3.23)

(3.24)
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AGE, = X, Xy, [15000] J/mol (3.26)

As mentioned previously, Kleykamp provided partial molar excess Gibbs energies
at infinite dilution of Mo in cph-Ru solid solution!*”®*. From (3.25), the partial molar

excess Gibbs energy for Mo with respect to cph-solid is given by:

AEL‘}.,, wrr.cph =X ;,, [247354 —-338360.X,, -(130—160X Ru ) T] J/mol (3.27)
At infinite dilution of Mo, Xg, = 1, and (3.27) simplifies to:

AEf,.,. wr.s.cph =[—91006 +30T ] J/mol (3.28)

Kleykamp reported that Aaffa. wre.bce =—43 kJ/mol and -40 kJ/mol, at 1200K and
1300K, respectively[“l. By solving (3.28) and using the difference in Gibbs energy from
Table 2-6 to convert from cph-solid as the reference state in (3.28), to a bcc-solid
reference state (in other words: +11550 J/mol), values of Aaflo, wrr.bee ==43.46 kJ/mol

and —40.46 kJ/mol, at 1200K and 1300K, respectively, were obtained.

For the compound MosRus, AHj,= 35440 J/mol, Si,= 290.1092 J/mol'K and

2548550

TZ

Cp =221.0131-0.02404T -

+3.05593x10° T J/mol'K (all values per mol

MosRu;). The Cp expression for MosRu; was calculated from the Cp data for Mo and Ru.

Cr sogpu; =3Cp b0, +3Co au,

(3.29)

The expression AG,,, =4430-7.68495T J/mol, (per mol of Mo,Ru,, with

respect to Mogec) and Rupn) was used to calculate AH,, and S,,,. For AH,, the

following equation was used:

AH'.,, =8(4430) =35440J / mol,,

o5 Ruy

(3.30)
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For §,;, the relationships expressed in (3.31) and solved in (3.32) were used.

AS3s MosRuy— A Mo,nu,‘ssm o — 35203 gy

(3.31)

o8 oy, = 8(7.68495) + 5(28.605) + 3(28.53488) = 290.1092J / K / mol,, 5, (3.32)

A plot of the Gibbs energy of mixing curves for the four solution phases and the

compound MosRu; of the Mo-Ru system at 1800K is shown in Figure 3-37.
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Figure 3-37. Gibbs Energy Isotherm at [800K for Mo-Ru system.

In order to assess the validity of the proposed evaluation, it was necessary to

critically compare the proposed phase diagram with previous experimental work. As was

shown with equations (3.25), (3.27), and (3.28), the values measured by Kleykamp®!

were in agreement with the values that were obtained from the proposed evaluation.

Furthermore, the eutectic, peritectoid, and eutectoid temperatures found by Kleykamp
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agree exactly with those predicted by the model. These facts are not surprising, since the

proposed model was developed from these data.

However, Kleykamp also determined the positions of the solvus lines for this
system using X-ray microanalysis. A comparison of these values with the proposed
evaluation is shown in Figure 3-38. The boxed values shown on the diagram represent
the difference between the values of Kleykamp, and those predicted by the model.

Negative values indicate that the Kleykamp point is to the left (i.e., Mo-rich) of the

predicted value.
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Figure 3-38. Comparison of the data of Kleykamp with the new evaluation. The boxed
values represent the difference between the proposed evaluation and the data of
Kleykamp. Negative values indicate that the data point from Kleykamp is to the left.

In general the agreement is respectable, as indicated by the boxed values on the

diagram, which represent differences between the current evaluation and the data given

by Kleykamp!®!], except possibly at temperatures below 1416K on the Mo-rich side of the

66



diagram. The sample preparation in the work of Kleykamp!®! involved arc melting under
reduced argon pressure, high purity powders of both Mo and Ru. Homogenization at
various temperatures was performed under high vacuum. Discrepancies here may be a
result of incomplete solid state diffusion in the alloys tested, this problem being
especially relevant at lower temperatures. In his experimental work Kleykamp annealed
one alloy at 1173K for seven weeks and a second alloy at 1323K for four weeks.
However, if homogenization were incomplete, it would be expected that the compasition
of the bcc-Mo solid would be rich in Mo, while the composition of the cph-Ru solid

would be light in Mo, as is the case.

Comparison of the predicted diagram with the results of Anderson and Hume-

Rothery™®"! are presented in Figure 3-39.
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Figure 3-39. Comparison of experimental work from Anderson and Hume-Rothery®™®"!
with the proposed evaluation of the Mo-Ru system.
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In general there is good agreement between the observed phases and those
predicted by the current evaluation. Discrepancies may be explained by difficulties in
accurately measuring high temperatures, errors in calculating the data points as presented
in the diagram of Anderson and Hume-Rothery®®', and compositional shifts of data

points that could result from volatilization.

The proposed evaluation was presented at the 1998 Topical Meeting of the
American Nuclear Society and published as part of the conference proceedings!®.
Subsequently, Giirler'®® has published experimental results that support the position of
the solvus lines below the eutectoid temperature of 1416K. A comparison of the solvus
compositions determined experimentally by Giirler'® and those predicted by the
proposed evaluation are presented in Table 3-2. The agreement shown here provides

further credibility to the proposed model.

Table 3-2. Comparison of solvus compositions determined by Giirler'®! and those
predicted by the current evaluation.

bece Solvus bce Solvus cph Solvus cph Solvus
Temperature from Gilrler  as Predicted  from Giirler as Predicted

x (at.% Ru) (at.% Ru) (at.% Ru) (at.% Ru)
973 2.90 1.51 64.1 68.8
1073 3.25 2.72 63.5 67.2
1173 3.60 4.43 62.8 65.4
1223 3.75 5.47 62.2 64.5
1323 4.40 7.90 61.2 62.6
1388 5.25 9.69 60.4 61.4
1473 7.90 11.74 59.3 60.1

3.7 Mo-Te
3.7.1 Previous Studies of the Mo-Tc System

Of the four binary systems that involve technetium, the Mo-Tc binary system has
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been investigated the most and is also the most complex, since at least four solid phases
have been identified. Although the first study to examine the system was that of
Compton et all®) these investigators were concemed with determining the

superconductivity properties of Mo-Tc alloys at extremely low temperatures.

Darby et al.'® ! reported the first crystallographic data for eleven alloys annealed
at temperatures between 773K and 1323K. Using X-ray diffraction they found that four
solid phases existed, namely: a Mo-rich bcc-solid (B); a cP8 structure (x)’; a o-phase
(tetragonal phase); and a Tc-rich cph-solid (€). The composition of the cP8 structure was
determined to lie within the narrow range of 54+2 atomic percent Tc, specifically the
intermediate cubic structure must lie between 0.50 < X1, <0.56 at 873K, and a narrower
range of 0.53 < Xy, <0.56 at 1323K. The o-phase, however, was found to have a wide
compositional range that centred about 70 atomic percent Tc. At 973K the boundary
between o and the ¢ + € two phase region was found to be between 75 and 77 atomic
percent Tc. The boundary between the o and the ¢ + k two phase region was less well

defined, lying between 60 — 70 at.% Tc at 973K.

The summary of molybdenum phase diagrams prepared by Brewer™ reported the
presence of five phases: the liquid, a terminal Mo-rich bece phase extending to Xt = 0.50,
a terminal Tc-rich cph phase extending to Xt = 0.85, an intermediate tetragonal phase
centred at Xy, = 0.70, and another intermediate cubic solid at Xi. = 0.55. The

equilibrium phase diagram proposed by Brewer is shown in Figure 3-40.

* Reported as an A15-Cr;0 type simple cubic structure by Darby and Zegler'®®l,
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Figure 3-40. Mo-Tc equilibrium diagram as presented by Brewer!>",

As mentioned in Section 2.4-Technetium, experimental work with Tc is difficuit.
It is often useful to exploit the chemical similarities that exist between technetium and
thenium (both are group VIIB). By comparing Figure 3-40 to the Mo-Re phase diagram
shown in Figure 3-41, similar features are apparent, although the o-phase has shifted

towards the higher Mo concentrations.
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Figure 3-41. The equilibrium diagram for Mo-Re, as proposed by Brewer'>..
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The current evaluation published by the ASM® jg presented in Figure 3-42.
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Figure 3-42. Mo-Tc equilibrium diagram from BAPD!%!,

3.7.2 Evaluation for the Mo-Tc System Original to this Work

The foundations for the Mo-Tc evaluation were developed by considering data
proposed by Brewer™. His attempt to define the liquidus over the complete
compositional range was unsuccessful. Instead he suggested that the thermodynamic

behaviour of the liquid for Xr. = 0-0.67, could be represented by:

Iny,, = X; (1%0-400&,) (3.33)
and
-500 400X 50
Iny, =X? + Mo 3.34
7 Tc Mo ( T T ) T ( )
while for Xt =0.67-1, the liquid behaviour was defined by:
. (=325 350X. 33
ln - X' + Tc 303
and
200 350X
ln XZ Mo 3.3
=3, 2020 (336)
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By considering these four equations, the critical temperatures and compositions
for the eutectic and eutectoid reactions, and being mindful of the experimentally
determined solubility limits for the o-solid phase, it was possible to mathematically
determine the equilibrium phase diagram. In this assessment the intermediate cubic

structure, K, was treated as a stoichiometric (line) compound, MogTey;.

The Mo-Tc phase diagram is developed as shown in Figure 3-43. It can be seen

from this diagram that the compositional requirements suggested by Darby et al.[®*%! are

respected at 873K and 973K.
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Figure 3-43. The Mo-Tc system as evaluated for this work.

3.7.3 Thermodynamic Properties for Mo-Tc Binary System

The excess properties of mixing for the solution phases in the Mo-Tc system are:

AGE s = X1, X, [-4904.1+ 21680, | J/mol (337
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AGE, = X, X, [ -3882.8-21442.X;, +(11+11X,,)T | J/mol
AGE, = X, X, [ 59650+27437X,, (20 +10X,)T | J/mol

AGE

tetragonal

= X, X[ 28106-150380X,, ~(10-50X;.)T | J/mol

AGE, = X, X;. [ 0+(0)T | J/mol

(3.38)
(3.39)
(3.40)

(3.41)

For the compound, x, MogTc,, the following Gibbs energy expressions was used:

AGyy, r., =[—42794.3+13.8253T] J/mol per 4 mol MogTen

(3.42)

Note that equation (3.42) refers to formation from molybdenum and technetium in

their liquid states (1.e, Mogig) and Tegig)).

A plot of the Gibbs energy of mixing curves for the five solution phases and one

stoichiometric compound from the Mo-Tc¢ system at 1800K is shown in Figure 3-44.
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Figure 3-44. Gibbs Energy Isotherm at 1800K for Mo-Tc¢ system.
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38 Pd-Tc
3.8.1 Previous Studies of the Pd-Tc System

Experimental work in the Pd-Tc system has been very limited. It was speculated
by Ageev et al." and verified by others (e.g., Compton et al.[! and Darby et al.®%) that
the alloying behaviour of rhenium and technetium would be similar, as they are both
Group VIIB elements (i.e., the Mn group). Because of this similarity, it is speculated that
the system will exhibit a peritectic reaction. It should be noted that Pd has a tendency to

this behaviour with other hexagonal transition metals (e.g., Pd-Ru, Pd-Os, and Pd-Re!®®).

In 1962 Darby et all’! studied the system by examining, with X-ray
metallography, alloys that had previously been annealed for 7 days at 1323K. The results
suggested that the maximum compositional variation for the two phase mixture of
terminal fcc-Pd and terminal cph-Tc lay in the range 0.5 < Xpg < 0.75. Furthermore, two

phases were identified at Xpq = 0.666.

A similar study in 1963 by Niemiec!’?! examined alloys that were annealed for 20
hours at 1773K. From this work, the solvus between the terminal fcc-Pd and the two
phase region must lie in the range 0.684 < Xp4 < 0.75, approximately at Xpq = 0.73. For
the solvus between the terminal cph-Tc and the two phase mixture, the boundary must lie

between 0. 47 < Xpq < 0. 565, approximately at Xpq =0.49.

The current evaluation published by the ASM®®! is presented in Figure 3-45.

74



.....

et

@b 1~83 (T}

Temporature °C
I x‘-‘ 1‘.
H

fii ]
pd Alomic Percent Technetium Te

Figure 3-45. Pd-Tc equilibrium diagram from BAPD'®!,

3.8.2 Evaluation for the Pd-Tc System Original to this Work

There was limited experimental data upon which to base the thermodynamic
evaluation, but nonetheless, Gibbs energy expressions for the fcc-solid phase and cph-
solid phase were developed from this limited data. A tie line between the fcc-solid and
the cph-solid at 1773K, which satisfied the given data, was extended from the fcc-solid
boundary at Xpg = 0.73 and the cph-solid boundary at Xpq = 0.49. At 1323K another tie

line, which satisfied the data, was extended from the fcc-solid boundary at Xps = 0.25 and

the cph-solid boundary at Xpy = 0.47. From this information four independent equations
were constructed that equated partial properties for each of the elements along these tie

lines. For example, at every temperature along a tie line the partial properties of

palladium in the fcc-solid and cph-solid are equal, therefore:

—fec

Gri =G (3.43)
which is equivalent to:
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(Ef.f —G;f‘) - (67:;? ~G )+(G;;"“ -Gif) (3.44)
Each of the three bracketed expressions were rearranged further. The first two
expressions are equivalent to RT Ina,, in the particular phase. The third expression is

simply the difference in the lattice stabilities of the two different phases, and is known

(see Section 2.2.2). Therefore, equation (3.44) was rewritten as:

RTInXE +Gri” =RTIXZ +Gri +{Gi3* -G (3.45)
Using the Margules formalism”™ in order to represent the excess term with a
power series and a recursion relationship, the excess Gibbs energy terms in equation

(3.45) were replaced with the following:

£

G =(X£) {(Pu - 2)+2(p -2 XE +3(p, - p. ) XE°) +} (3.46)

and Gre- =(x2*)’ [(po ~p)+2(p - ) X2 +3(p, - p,) (X2 +] (3.47)
where X£° and XZ* represent the concentrations of technetium at either end of the tie
line, and py, py, p2, 3, €tc., represent constants in the recursion formula. In general, there
is little justification for more than two of these constants and thus values for p;, p3, etc.
(i.e., the higher order terms) are set to zero. Equations (3.46) and (3.47) (with the higher

order terms set to zero) were now substituted into equation (3.45) and rearranged to

produce:
RTW X[ ~-RTn X (G ~Gf)=

(x2) [(po-p)+20X2 - (X5 ) [(po -2+ 20.XE]

For equation (3.48), the left-hand side is completely defined at a given

(3.48)

temperature, 7, and so this equation has only two unknowns, py and p;. In order to solve

for pp and p; a second equation was necessary, and was derived by considering:
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Gr. =Gp (3.49)
which is equivalent to:
(5{2‘ - ;{m) =(E§i” -G;;”")+(G;§"" -GF) (3.50)

By a similar mathematical procedure as outlined above, equation (3.50) was

expressed as:
RTIn X -RTm X2 —(G? -GF)=

(X;fih )2 |:Pn +2pngﬁ:l_(Xfﬁc)z [Po +2PIX1{:C]

Solving equations (3.48) and (3.51) simultaneously gave values for pg and p; at a

(3.51)

particular 7. This process was repeated at a second temperature, which allowed a

temperature dependence term to be introduced for both py and p;. In other words,
Po=4,+B,T and p, =4 +BT. Once values for py and p; were derived, a tentative
phase diagram was determined.

Once tentative Gibbs energy expressions for the two solids had been determined,
the liquid phase was introduced in a similar manner. Finally, fine adjustments to all the
constants in the excess Gibbs energy expressions for some or all of the phases were made

to better represent the features of the equilibrium phase diagram (e.g., an appropriate

peritectic temperature).

The Pd-Tc phase diagram, evaluated as described above, is shown in Figure 3-46.
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Figure 3-46. The Pd-Tc phase diagram as evaluated for this work.

A visual comparison of the phase diagram presented in Figure 3-46, above, and
Figure 3-45, the diagram published by the ASM, reveals an obvious discrepancy between
the solidus and liquidus lines as they approach the melting temperature of Tc. In order to

resolve this, it is necessary to apply the following thermodynamic principle:

—Ligud —Solid

Gr. =Gr (3.52)

where Eriwu represents the partial Gibbs energy of Tc at the liquidus and E:M

represents the partial Gibbs energy of Tc at the solidus. This is equivalent to:

(5’;;""“ -G;C“"’""“) - (5?:’“ e ) G -G ) (3.53)
Finally, equation (3.53) can be re-written as:
(RTIn X7) =(RT In X2 ) +( AH 2 —~TAS) (3.54)

where R represents the gas constant, T the temperature of interest, X2*“ the mole
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fraction of Tc at the liquidus, and X3 the mole fraction of Tc at the solidus.

Solving equation (3.54) at 2415K, where X-#“ =095 and X;°™ =0.99 (taken
from Figure 3-45), and using the value for AHX* =33290.J/mol provided in Table 2-6,

a relationship for the entropy of melting for Tc can be calculated. Because the melting

temperature for Tc on Figure 3-45 is 2428K, 49K below the currently excepted value of

Melt

2477K, the relationship AS}” = A;{,T:,, can also be used to determine the meiting

temperature for Tc that will satisfy the equality expressed by equation (3.54). This value
for the melting temperature of Tc was calculated to be 2477K, which represents a
contradiction between thermodynamic data and the ASM phase diagram. In fact the

accepted value for the melting temperature of Tc is predicted.

On the other hand, using the values at 2450K from Figure 3-46, where
XE® 20974 and X7 =0.993, the consequent melting temperature of Tc is 2481K,

which is excellent agreement to the accepted value of 2477K. This means that the
construction of the liquidus and solidus, illustrated in Figure 3-46, is self-consistent,

while the dotted construction shown in Figure 3-45 is not.

A comparison of the current evaluation with the experimental work of Darby et
al." and Niemiec™ is shown in Figure 3-47. The diagram is consistent with the limited
experimental work. The position of the two phase region at 1323K suggested by Darby
et al.l’!! is correct. Furthermore, the boundaries proposed by Niemiec!”! at 1773K are

respected.
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Figure 3-47. Comparison of Pd-Tc phase diagram as evaluated for this work with
experimental data from Darby et al."" and Niemiec!™..

3.8.3 Thermodynamic Properties for Pd-Tc Binary System

The excess Gibbs energies for the four phases in the Pd-Tc¢ system are:

AGE iy = X oy X7, [187564-62169.3X ,, ~(63.661-6.64.X,, )T | Jimol  (3.55)

AGE, = X, X[ -5962.7+4296.X,, ~(12.92-27.13X,,) T | J/mol

AGE, = Xy X [-500+12T] J/mol

AGy, =X p, X1.[20000+07] J/mol

(3.56)
3.57

(3.58)

The excess Gibbs energy for the bee-solid phase required a positive term (instead

of 0) to prevent the phase becoming stable at high temperatures.

A plot of the Gibbs energy of mixing curves for the four solution phases of the

Pd-Tc system at 1800K is shown in Figure 3-48.
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Figure 3-48. Gibbs Energy Isotherm at 1800K for Pd-Tc system.

39 Rb-Te
3.9.1 Previous Studies of the Rh-Tc System

Experimental work in the Rh-Tc system has also been limited. Darby et al.l'!l
studied the system by examining, with X-ray metallography, alloys that had previously
been annealed for 7 days at 1323K. The results suggested that the maximum
compositional variation for the two phase mixture of terminal fcc-Rh and terminal cph-Tc
lay in the range 0.5 < Xgp <l. Furthermore, at Xgn = 0.75, only a trace of the fce-Rh
phase was detected, suggesting that the solvus boundary between the cph-Tc phase and

the two phase region was at a composition range of 0.65 < Xgy <0.75.
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A similar study in 1963 by Niemiec’? studied alloys that were annealed for 20
hours at 1773K. From this work, the solvus between the terminal fcc-Rh and the two
phase region must lie in the range 0.955 < Xgy, approximately at Xgn, = 0.98. For the
solvus between the terminal cph-Tc and the two phase mixture, the boundary must lie

between 0. 658 < Xgp, < 0. 763, approximately at Xgy =0.70.

The current evaluation published by the ASM®! js presented in Figure 3-49.
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Figure 3-49. Rh-Tc equilibrium diagram from BAPD!!,

3.9.2 Evaluation for the Rh-Tc System Original to this Work

Once again there was limited experimental data to base the thermodynamic
evaluation. Nonetheless, from this limited data Gibbs energy expressions for the fcc-
solid phase and cph-solid phase were developed. A tie line between the fec-solid and the
cph-solid at 1773K, which satisfied the given data, was extended from the fcc-solid
boundary at Xg, = 0.97 and the cph-solid boundary at Xgy, = 0.70. At 1323K another tie
line, which satisfied the data, was extended from the fcc-solid boundary at Xgy, = 0.98 and

the cph-solid boundary at Xgp, = 0.33. From this information four independent equations
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were constructed that equated partial properties for each of the elements along these tie

lines, in exactly the same procedure described for the Pd-Tc system.

The current evaluation is shown in Figure 3-50.
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Figure 3-50. The Rh-Tc system as evaluated for this work.

A comparison of the current evaluation with the experimental work of Darby et
al. "™ and Niemiec™ is shown in Figure 3-51. The diagram is consistent with the limited
experimental work. The position of the two phase region at 1323K suggested by Darby

et al."" is correct. Furthermore, the boundaries proposed by Niemiec"” at 1773K are

respected.
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Figure 3-51. Comparison of the Rh-Tc system as evaluated for this work with the
experimental work of Darby et al.""! and Niemiec!™.

3.9.3 Thermodynamic Properties for Rh-Tc Binary System

The excess Gibbs energies for the four solution phases in the Rh-Tc system are:

AGf s = Xy X1, [ 293000131000, —(113.54-43.75X,,)T | Jhmol  (3.59)
AGy, = Xy X1, [-9562.8+16T] J/mol (3.60)
AGE, = Xy X, [ -28250~111959.X;, +(21.28+28.94X,,)T | J/imol  (3.61)

AGy, = Xy, X [0+0T] J/mol (3.62)
The Gibbs energy of mixing curves for the four solution phases at 1800K for the

Rh-Tc system is shown in Figure 3-52.
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Figure 3-52. Gibbs Energy Isotherm at 1800K for Rh-Tc system.

3.10 Re-Tc
3.10.1 Previous Studies of the Ru-Tc System

Darby et al.”®”), using X-ray diffraction on a series of alloys previously annealed at
973K, determined that there was a continuous series of solid cph solutions in this binary
system. Of course, these results do not preclude the possibility of a solid state miscibility
gap at lower temperatures, much like the Pd-Rh binary system. However, for the
purposes of this work, and in the absence of any other data, an ideal system was assumed.

This means that the excess properties for the Ru-Tc binary system are:
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AG iy = X3, X[ 0-(0)T ] J/mol
AGL, = Xy, X7 [0-(0)T] J/mol
AGy, = Xy, X, [0~(0)T ] Jimol

AGy., = X, X7, [0-(0)T] J/mol

3.10.2 Evaluation for the Ru-Tc System

(3.63)
(3.64)
(3.65)
(3.66)

The evaluation is shown in Figure 3-53. The diagram shows that the liquidus and

solidus form a thin lens.

miscibility gap in the solid phase.
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Figure 3-53. The Ru-Tc system as evaluated for this work.

3.10.3 Thermodynamic Properties for Ru-Tc Binary System

It is also apparent from the diagram that there is not a

As mentioned previously the experimental work performed on this system is

limited, and thermodynamic measurements have yet to be made.
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3.11 Pd-Rh
3.11.1 Previous Studies of the Pd-Rh System

Raub et al.’*"! were the first investigators to report the existence of a solid state
miscibility gap in the palladium-rhodium system. By using X-ray diffraction and classic
metallographic techniques they determined that the critical temperature of the miscibility
gap was 1118K, and that this occurred at 51at.% Rh. Raub et al."*™ did not offer

experimental data at temperatures approaching the solidus-liquidus region of the

equilibrium diagram.
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Figure 3-54. The solid miscibility gap in the Pd-Rh as determined by Raub et al."L

Myles's! measured, using a torsion-effusion method, the vapour pressure of
palladium over a series of Pd-Rh alloys. From these measurements, thermodynamic data
at 1575K were calculated, and positive deviations from ideal behaviour were noted™. A

phase diagram was not presented.

Shield and Williams""! investigated the system using electrical resistivity
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measurements on five Pd-Rh alloys. In general they found that decomposition of the
alloy from single phase at high temperature to dual phase at low temperature occurred at
temperatures slightly higher than those observed by Raub et al."*"l. The explanation
presented by Shield and Williams was that their experimental technique was better able
to distinguish phase separation on a fine scale/’’. The critical temperature of the
miscibility gap was reported’! as 1188K 15K at Xg, = 0.52 +0.02, 70K above the
temperature proposed by Raub et al.”™*"®!, Shield and Williams offer only a refined
version of the solid state miscibility gap, and do not comment on higher temperature

features of the equilibrium phase diagram.

3.11.2 The Current ASM Evaluation

The Pd-Rh system was evaluated by Giirler et al. and summarized by Okamoto in
the Journal of Phase Equilibria ®>™. Contradictory data is presented on the excess
properties of mixing for the liquid phase in the paper by Giirler et al.**!. Furthermore,
Okamoto, in his summary!™®, confuses the excess properties of mixing for the liquid and

the fec-solid phase. The following excess properties of mixing were used in this work!™!:

AG oy = Xpg Xy [20027 -2260X,, —(2.74-0.56X,,) T] J/mol (3.67

AG; =Xy Xy [21247 +2199.X,, —(2.74-0.56 X, )T] J/mol (3.68)

The excess properties for the hypothetical cph-solid and bec-solid are given by
equations (3.69) and (3.70). It should be noted that these values are positive in order to

prevent the inadvertent appearance of either of these phases at high temperatures.

AGE, = X, X, [20920] J/mol (3.69)
AGy., = X, X, [20920] Jimol (3.70)

The current evaluation published by the ASM®*! is presented in Figure 3-55.
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Figure 3-55. Pd-Rh equilibrium diagram from BAPD?%1,

The evaluation made using equations (3.67) to (3.70) is shown in Figure 3-56.
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Figure 3-56. The Pd-Rh system as evaluated by Giirler et al.**),

In a recent paper, Jacob et al.”®! measured the activity of rhodium in solid Pd-Rh
alioys in the temperature range of 950 to 1350K using an emf technique. From their data

they derived a pseudosubregular solution model for the excess properties of the solid
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phase. Their results predict a solid-state miscibility gap at Xg, = 0.55 £0.02 with T, =
1210 £5K. This value is slightly higher than the T, = 1188 +15K at Xg, = 0.52 +0.02
from previous work by Shield and Williams!"!; the T, = 1183 K at Xgs = 0.55 predicted
by Girler et al., shown in Figure 3-56 ) and substantially higher than the early values
of T, = 1118K at Xg, =0.51 reported by Raub et al.l’,

The excess Gibbs energy of mixing for the fcc-solid phase, calculated by Jacob et

al."™, is given by the expression:

AGJ':;C =X X (31130 +4585X,,)-(10.44 +1.51X,,)T J/mol (3.71)
and these authors propose a phase diagram, shown in Figure 3-57, for the Pd-Rh system

which assumes ideal behaviour in the liquid phase.
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Figure 3-57. The Pd-Rh proposed by Jacob et al., assuming ideal behaviour in the liquid
phase. For comparison the evaluation of Giirler et al.’*] is shown with dotted lines.

Because there were discrepancies in the literature conceming the position of the

solidus and liquidus lines in this system, clarification was required. This is addressed in
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the experimental work as differential thermal analysis was performed on a series of Pd-
Rh alloys. The results from this original experimental work will show that the
equilibrium phase diagram is similar to that modelled by Gurler et al.®*!, which in tun

suggests that the phases exhibit positive deviations from ideal behaviour as measured by

Myles(’®!.
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4. Thermodynamic Models for Multi-Component Alloys

4.1 Preliminary Remarks

In order to model the complete Mo-Pd-Rh-Ru-Tc alloy system accurately, it was
necessary to model the ten individual binary systems, as illustrated in Chapter 3. These
binary systems, became the framework from which a complete model for the muiti-

component system was derived.

The multi-component thermodynamic model was developed using the Kohler
Interpolation scheme, described in Section 4.2. In subsequent sections, comparison of
phase diagrams that have been developed using the model, with experimental data, will

be presented. In this manner confidence in the model was acquired.

4.2 Kohler Interpolation
Interpolation methods may be used to estimate Gibbs energies based upon
experimental studies for the binary metal combinations. While there are several different
interpolation schemes for modelling a multi-component system from its constituent
binary systems'", the Kohler Interpolation scheme, that has been successfully applied to
many other metallic systems was utilized for this work®]. The Kohler Interpolation
scheme, proportionally weights, from each binary system, the contribution of the
thermodynamic property of interest, as given in equation (4.1).
Gy =(1-X,)' G + (I-X,)' G} + (1-X,;)’ G/ @1
This is illustrated in Figure 4-1, where the Gibbs energy of mixing at point p, is
estimated from the known Gibbs energy of mixing at points &, b, and ¢, which are found
by extending line segments from each of the comers on the terary diagram, to the binary

system on the opposing edge.
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Y a Z
Figure 4-1. Representation of Kohler Interpolation; the property (G5) at P may be
estimated from a knowledge of properties at compositions @, b, and ¢.?

The form of the interpolation scheme for the excess Gibbs energy is consistent
with regular solution behaviour of each component dissolved in a solvent involving a
fixed proportion of the other two components. This methodology has been found suitable
in many cases as a predictive approach to provide ternary excess solution property
estimates, when experimental data do not exist. As experimental data are gathered for the
system, departure terms may be added to the basic interpolation. These terms take the
form of products of all mole fractions raised to different powers multiplied by a

temperature dependent coefficient. The correction terms vanish in the binary subsystems.

43 Comparison of Thermodynamic Model with Previous Research
4.3.1 Data from Kernforschungszentrum Karisruhe (Paschoal et al.)

Paschoal et al.**! have presented an extensive collection of data, derived from
metallographic examination, X-ray diffraction, and electronprobe microanalysis (EPMA),
for temary and quaternary alloys in the Mo-Pd-Rh-Ru system at 1973K. A comparison
of their results for the ternary alloys against the developed thermodynamic model is

presented in this section. If the thermodynamic model were to be accepted without
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ternary excess terms, the predicted temary phase diagram at 1973K for the Mo-Pd-Rh
system would be as shown in Figure 4-2 (Note: on page A-34 of Appendix A, an
evaluation, previously published!®’!, that does not include ternary excess terms is shown).
It can be seen that the liquid phase appears to be stable in two distinct fields and the e-
solid (cph) phase has only small fields near the Mo-Rh and Mo-Pd binary edges.
Furthermore, there is poor agreement between this diagram and the experimental work
(diagrams shown in Appendix B) of Paschoal et al.®!, for example, the two points
labelled ate are shown to lie in a region labelied a+f. Also, the e-solid (cph) phase was

experimentally determined to extend well into the centre of the diagram.

Experimental Rh
Data Points'®! (fCC)
o+ Liquid 0.0 Lo
A a+te
O e
v f+e

Figure 4-2. The Mo-Pd-Rh ternary diagram produced without the inclusion of tern
terms in the thermodynamic model. Experimentally determined phase compositions®!
are annotated in the legend, top left. Note: a =fecc; B =bece; & = cph; and L = Liquid.
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Due to the major discrepancies between the experimental results from Paschoal et
al.® and the thermodynamic model that is devoid of ternary excess energy terms, as
illustrated in Figure 4-2, temary excess energy terms were added to the thermodynamic

model. These terms are listed below in Table 4-1.

Table 4-1. Temary excess energy terms for the Liquid, fcc, bee, and cph phases.

Phase = Components Ternary Excess Gibbs Energy Term
Liquid Mo, Pd, Rh Gf»,,,,,u = X0 X 54X o (-9000)
Liquid Pd, Rh, Ru wa = X pg X g X (-52500)
bec-solid Mo, Pd,Rh  GE =X, X, X (-19730+10T)
bec-solid Mo, Pd,Ru  Gf =X,,X,,X,,(40000)
bec-solid Mo, Rh,Ru  GF =X, X, X, (-48000)
cph-solid Mo, Pd, Ru G; s = X0 X pg X, (-15000) + X o X paX o (~130000)
cph-solid Mo, Pd,Rh G =X, X, X, (-89730+10T)
cph-solid Pd, Rh, Ru Gf, 2 = X py X oy X, (—90000)
fec-solid Mo, Pd,Rh  Gf =X, X, X, (~197300+100T)
fcc-solid Mo, Pd,Ru  Gf =X, X, X, (~115507+9T)
fee-solid  Pd, Rh, Ru G,‘f‘_. = Xy X oy X, (_40000)

The Mo-Pd-Rh phase diagram, developed with the ternary excess parameters
listed in Table 4-1, is shown in Figure 4-3. It can be seen that there is much better

agreement with the experimental data that had been determined by Paschoal et al.®l.
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Figure 4-3. Mo-Pd-Rh. Note: a = fcc; f = bee; & = cph; and L = Liquid.

The Pd-Rh-Ru phase diagram is shown in Figure 4-4. Once again there is good
agreement between the experimentaily determined data for the phases present®™! and the
diagram predicted by the improved thermodynamic model. It should be noted here that
the diagrams of Paschoal et al.*¥! are not well defined by the data. In essence, the
boundaries between phases are sketched in such a manner that the phases observed are
placed within the corresponding regions. An underlying thermodynamic model is not

present, so these boundaries must be regarded as best estimates only.
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Figure 4-4. Pd-Rh-Ru. Note: a =fcc; € = cph; and L = Liquid.

The Mo-Rh-Ru and Mo-Pd-Ru ternary phase diagrams are shown in Figure 4-5
and Figure 4-6, respectively. In both these diagrams there are two distinct regions: the
region that extends from the central e-solid phase to the right binary edge (either Rh-Ru
or Pd-Ru); and the region that lies between the f-solid phase and the e-solid phase. For

the region that extends from the central e-solid phase to the right binary edge, the

agreement between the model and the experimental data is good.

Discrepancies occur in the region that lies between the B-solid and e-solid phases,

where the o-solid phase is involved. Because the model treats MosRus (c-solid) as a
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stoichiometric line compound, there is little flexibility to allow for the existence of o-

solid as a distinct phase region that can extend into the interior of the terary diagram.
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Figure 4-5. Mo-Rh-Ru. Note: o = fcc; B = bec; &€ = cph; and ¢ = tetragonal.

98



Experimental
Data Points'®!

c+e
B+ote

£

o +¢ + Liquid

B+e

<« B Q0O P> O

&+ Liquid

£+a

- y \ A 3  \, RS ,'\ / oo
MO OO 01 02//04 0. 06 07 08 09 1.0 Ru
(bec) o (cph)

—>
(MosRu3)
Figure 4-6. Mo-Pd-Ru. Note: a = fcc; B = bec; € = cph; 6 = tetragonal; L = Liquid.
4.3.2 Data from Japan (Naito et al)
K. Naito et al™! investigated the Mo-Pd-Ru ternary phase diagram using
microscopy, X-ray diffraction, and vapour pressure measurements using a Knudsen cell

coupled to a mass spectrometer. The results of their investigation are shown in Figure

4-7.
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Phase dfagram. of the ternary Mo-Ru-Pd sysiem at

1723 K {rom this experiment. a: solid solution (fcc): ¢ solid

solution (hcp): o intermetallic. compound of MogRu, (te-

tragonal); f: salid solution.(bec) O: € O e+ ai al ¢+ 8.9
at+f. e c+ra+fm oo

Figure 4-7. The Mo-Pd-Ru diagram at 1723K, as proposed by Naito et al.**l.
It should be noted that there are problems with this diagram along the Mo-Pd
binary edge. It can be seen that the accepted diagram for the Mo-Pd system, Figure 3-8,
clearly indicates that an €-solid phase exists around Xy, = 50 atomic percent. This means

that the phase labelled o + B is in error, as is the three phase region labelled € + o + p.

The Mo-Pd-Ru diagram at 1723K developed by the improved thermodynamic
model (i.e., Kohler Interpolation with departure terms) is shown in Figure 4-8. There is
excellent agreement between the experimental results of Naito et al.®! and the model.
The two tie lines suggested by Naito et al.®], labelled Aq-Ac and Co-C, are well

replicated by the model. In fact there are only four -solid phase data points, indicated by
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a filled circle in Figure 4-8, that do not lie within the ¢-solid phase region. However, the
three €-solid phase points along the Xy, = 50% line, are close to the phase boundary.
The fourth point, along the Pd-Ru edge, represents a graphical contradiction in the work
of Naito et al.®*! since on their diagram the point A is at Xy, = 16.1%, Xpg = 17.3%,

and Xry = 66.7%, which should be between the erroneous point and the Mo-Ru edge”.

Expenmental Pd
Data Points'™!
) (fce)
(J €
A PB+e 0.0 1.0
0 s+a
® | 4

. %0 Ru
(cph)

Figure 4-8. Comparison of the experimental data from Naito et al.™! to the proposed
Mo-Pd-Ru diagram. Note: a = fcc; B =bcc; € = cph; and ¢ =tetragonal.

" In Figure 4-7 A, is clearly positioned above the Xp¢ = 20 atomic percent. This permits the diagram to be
drawn to include the debatable point within the =-solid phase region.
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4.3.3 Data from Birmingham, England (Giirler et al.}

Giirler and Pratt® annealed sixteen alloys in the Mo-Pd-Rh system, and studied
the phase assemblages of each using optical microscopy, X-ray diffraction, SEM, and
electron probe microanalysis. The results of their experimental work!®*! were compared
with the thermodynamic model for this ternary system at 1373K, shown in Figure 4-9. It
should be pointed out that the compound MoRh; was withdrawn from the analysis to

facilitate comparison, since Giirler and Pratt™ did not consider it.

Experimental Pd
Data Points'™! f
! B"'U. ( cc)
A ﬂ+€ I.O
W c
O e+a
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08
oo/ e N AY e /
S \ /"\‘\ /
10, \/ AV “\/ / \ ,
MO OO 0.1 02 03 04 0.5 06 07 08 09 Rh

(bee) Xo— (fcc)

Figure 4-9. Mo-Pd-Rh. The experimentaily determined points are from Giirler and
Pratt®™!. Note: o = fec; f§ =bcc; and € = cph.

Giirler and Pratt used their experimental data to develop a computer calculation of
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the Mo-Pd-Rh temary phase diagram[sﬂ. Their evaluation at 1373K is shown in Figure
4-10. By comparing the evaluation shown in Figure 4-9 with that of Figure 4-10, it can
be seen that the model developed for this work better represents the experimental data in
the central region of the diagram. A copy of the figure from the paper by Giirler and

Pratt®! which shows the experimental data is include in Appendix B.

Pd

Figure 4-10. Mo-Pd-Rh ternary diagram at 1373K calculated by Girler and Pratt(®®!,

4.3.4 Data from Harwell, England (Haines et al.)

Haines et al.®®! are the only researchers to propose temary phase diagrams that
involve Tc in combination with pairs of elements from amongst the noble metals. The
methodology that Haines et al. employ is similar to that used in this work, that is building
upwards from binary evaluations. However, it is clear from the diagrams of Mo-Tc, Pd-

Tc, and Rh-Tc that their proposed models do not fit the limited experimental data that
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exist for these binary systems. This means that the foundation of their ternary diagrams

is seriously flawed.

Mo

Figure 4-11. Mo-Rh-T¢ from Haines et al.®®). Note: o = fcc; p =bcc; € = cph.

The temary phase diagram predicted by the thermodynamic model for Mo-Pd-Tc
is shown in Figure 4-12. Not that this diagram includes the tetragonal c-phase and the

compound MoyTc;;.
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Figure 4-12. The Mo-Pd-Tc diagram predicted by the thermodynamic model.
Note: a = fcc; B =bcec; € = cph; €’ = cph; ¢ = tetragonal; and x = MosTc¢;;.
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5. Experimental Techniques

5.1 Preliminary Remarks

There are many experimental techniques that can be used to determine features of
equilibrium phase diagrams and their underlying thermodynamic properties. A review of
these techniques was recently co-authored by the author of this work®”, and has been
included in Appendix A. With such a variety of techniques available, it was necessary to
clearly establish the experimental objectives of this work and select the experimental

techniques that would best achieve these ends.

There were two primary experimental techniques, namely differential thermal
analysis and Knudsen cell mass spectrometry, used in this work. Differential thermal
analysis was selected in order to resolve the controversy surrounding the placement of the
solidus-liquidus on the Pd-Rh equilibrium phase diagram. This technique provides direct

measurements of the critical temperatures that define the solidus and liquidus.

The second experimental technique, Knudsen cell mass spectrometry, measures
vapour pressures above alloys. Since the primary goal of this thesis is to provide better
insight into the thermodynamic properties of the noble metal alloys, it was felt that

measurements of this nature for the noble metal alloys would be most useful.

This chapter will provide an overview of these techniques and how they can be
used to provide thermodynamic information, that in turn can be used to validate the

thermodynamic model developed in Chapters 2 through 4.
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5.2 Differential Thermal Analysis
5.2.1 Overview of the Technique

The differential thermal analysis (DTA) technique measures the differences in
temperature between a reference material and the sample while both are exposed to the
same slow temperature change in a common thermal environment. [n practice the
reference material is chosen for its thermal stability over the temperature range of
interest. This means that the reference material can not undergo a phase transition. Often

high purity alumina is chosen since it fulfils this necessary requirement.

Because DTA measures temperature differences, it is well suited to detecting
transition temperatures that involve significant enthalpy changes that are not sluggish, for
example heats of melting; it is less suited to detecting kinetically slower solid-to-solid
transitions (i.e., a transition across a solvus boundary). [n the current work, an
investigation of the solidus-liquidus region of the Pd-Rh binary system was made, but
because of the limitations mentioned, the temperatures near the solid state miscibility gap

were not explored. The latter, however, are not in dispute.

5.2.2 Interpreting the Results

A typical DTA curve is shown in Figure 5-1. For pure materials, according to the
American Society for Testing and Materials (ASTM) standard E-967-83®1, the melting
temperature is given at Tpeak min. For alloys the solidus temperature corresponds to Tonser,

while the liquidus temperature corresponds t0 Tpeyi min-
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Figure S-1. A typical DTA curve for an 80%/20% Pd/Rh alloy. The solidus temperature
is 1866K and the liquidus occurs at 1881K.

5.3 Knudsen Cell Mass Spectrometry
5.3.1 Overview of the Technique

The Knudsen cell mass spectrometry technique measures the partial pressure of
gases in a restricted volume. In the case of metals it is well understood that for any metal
or alloy at equilibrium with its surroundings, there is an associated partial pressure (often
quite low) of the component elements above the surface of that metal or alloy.
Thermodynamically this means that atoms of a particular species are leaving the solid
phase and entering the vapour phase at equal rates. In experimental work, this equality is

approximated as a result of siow escape of vapour from the Knudsen cell.

A Knudsen cell is constructed from a suitably inert refractory material as shown
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in Figure 5-2. There is a small cavity within the cell into which the vapour phase
associated with the metal or alloy can develop to a near equilibrium value. The gaseous
atoms will be travelling on random paths through this volume. Every so often, at a rate
that is proportional to the partial pressure of the species of that particular atom, one atom
will be travelling on the correct path that will allow it to leave via the pin-hole in the lid
of the Knudsen cell. The escaping atom is then ionized and accelerated towards a

detector that identifies it by its atomic mass.

Pin-hole

Figure 5-2. A typical Knudsen Cell.

5.3.2 Analysis of the Results

Upon heating the cell in a vacuum, a near equilibrated atmosphere is produced
above the alloy. The orifice in the cell lid allows a limited beam of atoms to leave the
cell, and these atoms are deflected towards a mass spectrometer, which then counts the
number of atoms of a given atomic mass. Equation (5.1) is used to convert from the

number of counts of an isotope of species i, to a pressure reading for species i:
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I,-T

= i (5.1)
kSld .O'i.yli.n‘i.f.s

where, p; represents the pressure of species / in atmospheres; /., represents intensity,

P;

measured in counts of a particular isotope, x, of species i; T represents the absolute
temperature; ks,s represents an instrument constant based on a standard substance, often

silver; o; represents the ionization cross-section of i; %, represents the mass-sensitivity

correction factor for the mass spectrometer, which is a ratio of the mass of the standard
substance to that of species 7; n,, represents a correction factor based on the isotopic

abundance of isotope x; f represents the orifice size correction factor; and s represents a

daily correction factor.

In the work presented here, a silver standard was used to determine the instrument
constant. This instrument constant, k4, (= ks4), is determined by calibrating the mass
spectrometer against a silver standard. Equation (5.2) provides the relationship for g,
where I, represents the number of counts; T, represents the absolute temperature; p,g

represents the silver pressure; and o represents the ionization cross-section of Ag.

I, T
e ==k, (52)
Pag-Ous Vg

kA
The mass-sensitivity correction factor for the mass spectrometer, %, is used to

account for the variation in detection sensitivity as a function of ion mass.

The orifice size correction factor, f; is defined by (5.3). This factor accounts for a
possible orifice size difference between the day of the silver calibration and the day of the
experiment. For the silver calibration experiment, the orifice diameter was 0.061mm

(0.024 inches). For measurement convenience, the orifice diameter was measured in
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thousandths of an inch, using carefully calibrated drill bits.

_(orifice diameter)’
(0.024)

f (5.3)

Finally, the daily correction factor, s, is determined by comparing the relative
intensity of the perfluorotributylamine (FC-43) during the experiment, with the intensity
of the FC-43 from the silver calibration experiment. For this experimental work the FC-
43 peaks at 100, 114, and 119 amu were used since they bracket the atomic masses of the
species of interest. This variable accounts for daily variations within the apparatus and

enables results from different days to be compared.
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6. Experimental Procedures

6.1 Experimental Materials
6.1.1 Mo-Pd-Rh-Ru Alloy Preparation

Alloys were prepared from high purity powders of molybdenum, palladium,
rhodium, and ruthenium obtained from Alfa Aesar. The specifications for these powders,
as provided by Alfa Aesar, are presented in Table 6-1. The molybdenum, rhodium, and
ruthenium were tested for impurities by spectrographic analysis, while the palladium was

examined by d.c. arc emission spectroscopy.

Table 6-1. Specifications of the metal powders.

Element Purity  Mesh Size Detected Impurities (ppm)

Mo  99.999% -325 Al (<02), B (<0.05), Ca (<025), Co (<0.02),
Cr (<0.07), Cu (<0.10), Fe (<0.25), K (<0.05),
Li (<0.005), Mg (<0.25), Mn (<0.02), Na (<0.05),
Ni (<0.07), Pb (<0.02), W (<30), Zn (<0.1)

Pd 99.9985% -22 Fe (2)
Rh 99.99+% -22 Cu (14), Fe (<10), Fe (<10), Ir (16), Pt (<10), Si (<10)

Ru  99.95% -325 Ag (9), Al (6), Au (4), Co (4), Cu (3), Fe (8), Ir (<10),
Mn (<1), Ni (7), Os (8), Pb (<5), Pd (<20), Pt (<20),
Rh (<10), Si (11)

6.2 Differential Thermal Analysis Apparatus
6.2.1 Sample Preparation

Appropriate proportions of palladium and rhodium powders were weighed
(uncertainty +0.1mg) and the powders were intimately mixed with an agate mortar and
pestle. The compositions of each mixture, along with the atomic fraction for each
element are presented in Table 6-2. Note that the total mass for each mixture was chosen

to be approximately 0.1g.
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Table 6-2. Mass data for Pd-Rh alloys.

Pd Rh Total mass Pd Rh
Sample (g () (g) Mass % Mass %  Xpg XRrn
A 0.1011 0.0000 0.1011 1.00 0.00 1.00 0.00
B 0.1083 0.0137 0.1220 0.89 0.11 0.88 0.12
C 0.0808 0.0198 0.1006 0.80 020 | 080 0.20
D 0.0900 0.0300 0.1200 0.75 0.25 0.74 0.26
E 0.0706 0.0312 0.1018 0.69 0.31 0.69 031
F 0.0785 0.0423 0.1208 0.65 035| 064 036
G 0.0726 0.0493 0.1219 0.60 040 059 041
H 0.0611 0.0519 0.1130 0.54 046 | 053 047
J 0.0428 0.0785 0.1213 0.35 065| 034 066
K 0.0238 0.0962 0.1200 0.20 080 0.19 0.81

6.2.2 Crucibles
The crucibles used were a 99.9% high purity Al,O;, stabilized with Si0;. A
schematic diagram of the crucible is shown in Figure 6-1. The crucible has been

designed to allow a thermocouple to extend upwards into the centroid of the sample.

=

I

Sample cavity

—— Thermocouple cavity
2

Figure 6-1. DTA crucible. All measurements are in millimetres.
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6.2.3 Configuration of Differential Thermal Analyser

A Netzsch Simultaneous Thermal Analyzer STA429 was used to perform thermal
analysis on a series of Pd-Rh alloys. The DTA, operating in its low temperature mode
(i.e., Tmax = 2023K), uses two alumina crucibles, one which contains the sample of
known mass, the other alumina powder which is chemically stable up to Tmaxx. The
crucibles, manufactured by Netzsch, were bottom-capped cylinders 8mm in diameter and
13mm deep. A Type B thermocouple (Pt-30%Rb/ Pt-6%Rh) was used to measure the

temperature from the bottom of the alumina crucible.

Alumina pole- connects to
mechanical balance and
temperature recording
equipment

Figure 6-2. A photograph showing the “goal-post” configuration for the DTA sample
holder. The crucible on the left (A) contains the sample, while the crucibie on the right
(B) contains an alumina reference sample.

6.2.4 Calibration of Thermal Analyzer

In order to calibrate the Netzsch Thermal Analyzer, high purity samples of silver
and gold were used in accordance with ASTM standard E-967-83®. The accepted
melting temperatures for silver and gold are 1236K and 1337K, respectively. Pure

palladium was also used as a standard to verify accuracy. The accepted value for the
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melting temperature of Pd of 1827 £3K was confirmed in repeated trials.

6.2.5 Typical Experiment

For each experiment the appropriate masses of powders were measured (see Table
6-2) and intimately mixed with mortar and pestle. The powder was placed in a high
purity alumina crucible and mounted within the DTA, along side the reference sample. A
typical heating profile for each sample is shown in Figure 6-3. The temperature for each
sample was cycled across the anticipated solidus-liquidus transition five times, in order to
provide replicate data. The heating rate was 10C°/min for the first four runs, and then at
5C°/min for the fifth run, to ascertain the effect, if any, heating rate caused. To prevent
oxidation, an inert atmosphere of high purity nitrogen’ was passed into the furnace
chamber at a rate of 100mL/min for the duration of the experiment. Furthermore, for

each run the change in the mass of the sample was monitored continuously.

2200

For Stages 1, 5,9, and 13 the ramp rate is: +10C"min. }
For Stage 17 the ramp rate is: +5C°/min.
For Stages 3, 7, 11, 15, and 19 the ramp rate is: -10C%min. T
The remaining stages are isothermal for 5 minutes.

Temperature (K)

I
T

0 100 200 300 400 500 600 700

Time (min)
Figure 6-3. Typical heating profile for each DTA experiment.

* 99.999% N, containing impurities listed as: O; < lppm, H,0 < 3ppm, Total Hydrocarbons < 0.Sppm.
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6.3 Mass Spectrometer-Knudsen Cell Apparatus
6.3.1 Sample Preparation

Appropriate proportions of molybdenum, palladium, rhodium, and ruthenium
powders were weighed (uncertainty +0.1mg) and the powders were intimately mixed
with an agate mortar and pestle. The compositions of each mixture, along with the
atomic fraction for each element are presented in Table 6-3. Initially the total mass for
each mixture was chosen to be approximately 0.2g, but this restrictton was loosened to
approximately 0.5g after the first three experiments, in order to make the sample

preparation easier.

Table 6-3. Compositions of alloys treated in the Knudsen cell-mass spectrometer.

Mo Pd Rh Ru

Sample (g) (2) (® @ Xvo Xt Xpn Xpo
1 0 0.1484 0 0 0 1 0 0
2 0 0.0584 0.1982 0 0 0222 0778 0
3 0 0.0885 0.0791 0 0 0.520 0480 O
4 0.1309 0.1442 0.2751 0.1347|0.203 0.202 0.397 0.198
5 0.0938 0.1034 0.1498 0.1485]0.201 0.199 0.299 0.301
6 0.0948 0.1028 0.1003 0.1968 {0.203 0.198 0.200 0.399
7 0.2384 0.0488 O 0.1999 (0.505 0.093 0 0.402
8 0.3306 0.0528 0.0505 0.0498 10.700 0.100 0.100 0.100

6.3.2 Knudsen Cell and Crucibles

Knudsen cells were machined from 99.9% pure tantalum rods, obtained from
Goodfellow Cambridge Limited or Robin Materials. A typical analysis of the tantalum,
as provided by Goodfellow, is given in Table 6-4, while Table 6-5 shows the typical
analysis of the tantalum rod supplied by Robin Materials. During machining and

subsequent exposure to atmospheric conditions, it was expected that a surface layer of
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Ta;0s formed on the tantalum cell.

Table 6-4. Typical analysis for the impurities in the tantalum rod supplied by
Goodfellow Cambridge Limited. Note that N.R. = not reported.

Element Mass Element Mass Element Mass
(ppm) (ppm) (ppm)
Al 5 H N.R. 0) N.R.
B N.R. Mg 5 Si 10
C NR. Mn 2 Sn 2
Ca 2 Mo 100 Ti 20
Cr 5 N N.R. \" 5
Co 1 Na 10 W 100
Cu 2 Nb <500 Zr 10
Fe 30 Ni 3

Table 6-5. Typical analysis for the impurities in the tantalum rod supplied by Robin
Materials. Note that N.R. = not reported.

Element Mass Element Mass Element Mass
(ppm) (ppm) (ppm)
Al <5 H <5 0 30
B <1 Mg <5 Si 10
C 10 Mn <5 Sn <5
Ca <5 Mo <5 Ti <5
Cr <5 N <10 \% N.R.
Co <5 Na not detected w 25
Cu <5 Nb 75 Zr <5
Fe <5 Ni <5

Figure 6-4 shows a schematic diagram of the Knudsen Cell and the cell lid. It is

important to realize that the diameter of the hole in the cell lid was not always exactly

0.610mm (0.024”), since machining to this specification is difficult in tantalum. The

diameter of the hole was measured using drill bit penetration, accurate to £0.025mm.
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Sample

7> 10 Pyrometer

Ta hid

Figure 6-4. Schematic diagram of the Knudsen Cell.

After machining, the tantalum cells were cleaned in an acid solution of 23%
HNOs, 4% HF, and 73% H,O for an hour, washed in acetone followed by methanol, and

finally dried in a 150C oven for 30 minutes.

A zirconia crucible was used as an inner liner, in order to allow samples to be
easily placed in the Knudsen cell and also to protect the tantalum crucible should
accidental melting of the sample occur. From the Ellingham diagram'®! zirconia is inert
to all of the noble metals. The zirconia crucibles were manufactured by Custom Tech
Ceramics of Arvada Colorado. Three different lots of crucibles were prepared by Custom
Tech for this experimental work. The first set of crucibles were purchased in 1997

(Pinawa batch), while the second (Batch 1) and third (Batch 2) were purchased in August

of 1999.
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6.3.3 Configuration of Knudsen Cell-Mass Spectrometer

The configuration of the Knudsen Cell-Mass Spectrometer is shown in Figure 6-5.
The Knudsen Cell was positioned on its mounting tripod in such a manner as to allow a
direct line of sight for the optical pyrometer to read the temperature within the blackbody
cavity of the cell. It was also necessary for the vertical alignment to be such that the pin-
hole in the cel! lid was aligned with the top aperture, which led to the mass spectrometer.
The furnace chamber and the quadrupole mass spectrometer manufactured by ABB

Extrel were evacuated to at least 10°Pa, a process that took at least 12 hours.

[onization Gauge : Sapphire Window
@ : | Shutter

Quadrupotie Mass Spectrometer

10° Pa
b

Diffusion
Pump

: Ilon
: Source

Mass Spectrometer Shutter

Bottom Aperture
Top Aperture

Tantalum

Faraday Cage
Knudsen Cell~

10°t0 10* Pa

Shutter

F—, Cold Cathode Gauge

R

to [nduction Heater

Figure 6-5. Schematic diagram of the Knudsen Cell-Mass Spectrometer apparatus.

6.3.4 A Typical Experimental Run
A sample was prepared in the appropriate proportions (Table 6-3) and placed in a

zirconia crucible, which in turn was positioned in the central cavity of the Knudsen cell.
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The diameter of the pin-hole opening in the lid was measured by drill bit penetration.

The Knudsen cell was tightly sealed by the lid, and this unit was placed on a tripod stand.

a)

L ¥ 3.9y,

Figure 6-6. a) The Knudsen cell holder, showing the tripod that positions the cell in the
midst of the copper induction coils. Coolant water flows through the four support
columns, as well as the copper induction coils. Water enters and exits from the bottom.
b) Knudsen cell, showing the black body cavity in the side and the exit hole in the lid.
The arrow indicates the location for the placement of the cell within the induction coils.

6.3.5 Batch Conditions

In order to account for the possibility of experimental variations that might occur
as a result of contaminants being contributed by pieces of the apparatus, a careful record
was kept concerning various experimental details. For example, although the zirconia
crucible should be inert to alloys of Mo-Pd-Rh-Ru, it is possible that one of the

stabilizing compounds in the ceramic might be a problem”.

* Such a problem was discovered in preliminary work performed at AECL-Whiteshell. Two different
crucible types were used (i.e., zirconia stabilized with calcia, and hafnia stabilized with calcia) and it was
found that the measured partial pressure of Pd in a pure Pd sample was significantly different for each
crucible type. The measured partial pressure of Pd was much lower for the hafnia crucible, and it was
decided that these types of crucibles would be avoided in future work.
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Table 6-6. Experimental parameters. Note that the sample type is differentiated on the
basis of being a mixed powder (M) or a compressed pellet (C).

Orifice Orifice Size  Average Daily

Crucible Sample Diameter Correction Correction

Run Batch Type (inches) Factor (f) Factor (Suvg)
1 Batch 2 M 0.0315 1.723 1.798
2 Pinawa C 0.017 0.502 1.756
3 Batch 2 C 0.0305 1.615 0.850
4 Batch 1 M 0.021 0.766 1.333
5 Batch 1 M 0.0235 0.959 1.735
6 Batch 1 M 0.0225 0.879 1.625
7 Batch 1 M 0.032 1.778 0.896
8 Batch 1 M 0.033 1.891 1.170

The mass of the experimental assembly was determined before and after each
experimental run. The experimental assembly consists of the Knudsen cell and lid, the
sample crucible, and the sample (uncertainty in each measurement £0.1mg). Mass lost
during the experiment was attributed to vaporization of Pd. This data is presented in
Table 6-7, along with the consequences of Pd vaporization on the compositional fraction

of Pd in the sample.

Table 6-7. Comparison of the initial and final mass of the assembly for each run.

Initial Mass  Final Mass Mass Loss Initial  Final
Run ® ® ® Xpa Xpq
1 75.0170 750114 0.0056 1 1
2 69.6397 69.6327 0.0070 0.222 0.200
3 75.0359 75.0307 0.0052 0.520 0.505
4 74.7346 74.7224 0.0122 0202  0.188
5 68.2609 68.2589 0.0020 0.199 0.196
6 75.5186 75.5149 0.0037 0.198 0.192
7 74.9696 74.9474 0.0222 0.093 0.053
8 70.2522 70.2355 0.0167 0.100 0.071
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7. Experimental Results and Discussion

7.1 Preliminary Remarks
The experimental results will be presented in two distinct sections: those results
from the Differential Thermal Analysis of Pd-Rh ailoys; and the results from Knudsen

Cell- Mass Spectrometry for a series of Mo-Pd-Rh-Ru alloys.

7.2 DTA Experiments

The temperature data produced by the differential thermal analyzer came in three
parts. The first piece of information was the temperature of the reference sample. The
second piece of data was the difference in the temperature between the reference sample
and the alloy being analyzed. During the heating of the alloy in either the solid or liquid
phase region, the temperature difference was constant. At transition temperatures, this
was not the case. The third piece of information produced was a record of the overall
mass change in the system. For all runs, 2 mass change was not observed, which

indicates that oxidation did not occur and that evaporation was insignificant.

Five runs were performed in succession for each sample. A typical set of results
is shown in Figure 7-1. Appendix C contains similar figures for all the experimental
runs. For the pure palladium sample, the average melting temperature was 1827.1K,
which agrees with the literature value of 1827K. The uncertainty in the measurement

was £3K. A summary of all the results is presented in Table 7-1.

The results presented in Table 7-1 have been imposed on the phase diagram for

Pd-Rh as proposed by Giirler et al.**!, shown in Figure 7-2 and in detail on Figure 7-3
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Figure 7-1. A typical set of results for the DTA experiments. In this case the sample
was pure Pd. Five runs were performed.

Table 7-1. Summary of the results from the DTA experiments.

Tsotidus TLiquidus
Sample Xpy Xrn KX (K)
A 1.00 0.00 182743 1827+3
B 0.88 0.12 1844+3 1856+3
C 0.80 0.20 1868+3 1880+3
D 0.74 0.26 1879+3 1895%3
E 0.69 0.31 1895+3 1911+3
F 0.64 0.36 1904+3 1919+3
G 0.59 041 1928+3 1939+3
H 0.53 047 1946+3 195843
J 0.34 0.66 1995+10 Triq > 2023
K 0.19 0.81 Tsq >2023 TE‘L> 2023
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Figure 7-3. Enhanced diagram showing solidus and liquidus results from this work.

7.3 Knudsen Cell- Mass Spectrometry Experiments
For each experiment the data acquired consisted of a continuous spectrum of

counts (representing intensity) at atomic mass units in intervals of 0.lamu. A typical
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spectrum of intensity (in counts versus amu) is shown in Figure 7-4. There are two
potential methods of recording and interpreting this data. The first is to determine the
area under the peaks that correspond to a specific isotope of palladium. This method is

based on the trapezoid rule, and the area for a particular isotope, *Pd, is:

peak area for “Pd {i‘;ﬁ]([z’: X"ﬁpd)%-[i X"‘%PdD (1.1)

y==5 y=4

where X =102, 104, 105, 106, 108, or 110; Ax represents the interval at which counts are

measured (in this case Ax = 0.1); and 5 pg represents the measured number of counts

at X +%amu.
12000
Relative
Abundance
~ 10000 1| "p¢ (1.02%)
fé ':Pd (11.14%)
pd (22.33%)
8 8000 1 wopg (37 339
3 1%pd (26.46%)
6000 1! '°Pd (11.72%)
fy
5 4000 1
dad
=
= 2000 -
IOLZPd
0 e,

100 101 102 103 104 105 106 107 108 109 110 111
Atomic Mass Unit (amu)

Figure 7-4. A typical spectrum of intensity versus amu, for the range of 100amu to
111amu. For the six Pd isotopes, the corresponding peak (maximum value) is indicated.
The area under the intensity “curve” at '"’Pd is marked by the hatched region.

The second method for interpreting the intensity data is to consider the maximum
intensity value at the corresponding peak. In the case illustrated in Figure 7-4, the

maximum peaks and corresponding atomic mass unit are indicated.
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A comparison of these two methods is provided in order to illustrate that there is
little difference in either approach. For the example shown in Figure 7-4, the relative
intensity values are provided in Table 7-2. From this data it can be seen that both
methods provide nearly the same resuit, with the maximum intensity values being slightly
closer to the expected natural abundance values. Computationally, the maximum
intensity values are also easier to determine and so the values based on the maximum

peak value will be reported.

Table 7-2. Comparison of peak area method to the maximum intensity (Imax) method.

Peak Area Imax
Peak Area Relative Inax Relative Natural
Isotope (counts) Proportion (counts) Proportion Abundance

[ Tipg 215 0.8% 500 1.2% 1.02%
104pg 3135 12.2% 4700 11.2% 11.14%
1%pq 6755 26.3% 9800 23.4% 22.33%
epd 6680 26.0% 11200 26.8% 27.33%
18pg 6345 24.7% 11300 27.0% 26.46%
10pg 2600 10.1% 4300 10.3% 11.72%

For each of the eight experiments, s, the daily correction factor (from equation
(5.1)) was calculated by analyzing the intensity of three peaks from a FC-43 spectrum,
and comparing these values to a calibration standard. The results of these runs are shown
in Table 7-3, along with the calibration standard and the value for s, determined for each
experiment. The value for s is calculated by dividing the measured intensity of a

particular FC-43 peak, by the corresponding peak intensity measured for the Ag standard.

The value of the orifice size correction factor, f, for each experiment is also

presented in Table 7-3. This value was calculated using equation (5.3).
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Table 7-3. The data used to calculate the daily correction factor, s. Also the orifice size
correction factor, f.

Run 100amu 114amu 119amu sy Stu4 S119 Savg f
Ag Std 614.6 218.9 477.0
1 1130.0 362.0 907.4| 1.839 1.654 1.902] 1.798 1.723
2 977.9 418.0 843.7| 1591 1910 1.769| 1.756 0.502
3 537.6 176.6 414.0| 0.875 0.807 0.868| 0.850 1.615
4 5314 201.4 4302 | 0.865 0920 0.902| 0.896 1.778
5 623.0 394.3 565.2| 1014 1.801 1.185] 1.333 0.766
6 820.0 500.2 7565} 1334 2285 1586 1.735]| 0.959
7 781.7 470.0 694.9 | 1272 2.147 1457} 1.625] 0.879
8 620.4 291.8 5570 1.009 1333 1.168| 1.170 1.891

The mass-sensitivity correction standard, %, (equation (5.1)) is the ratio of the

mass of the standard (in this case pure Ag) substance to that of the measured substance.

Because Pd and Ag have nearly the same atomic mass, %, was assumed to be unity.

The isotopic abundance for Mo, Pd, Rh, and Ru were presented in Table 2-8. The
principal element of interest was Pd, and a summary of its isotopic abundance is given in

Table 7-4. The values for the isotopic abundance are represented by n,, in equation (5.1).

Table 7-4. Isotopic abundance for palladium.

Isotope Pd Isotope Pd
(amu) (%e) (amu) (%)
102 1.02 106 27.33
104 11.14 108 26.46
105 2233 110 11.72

Finally, the ionization cross-section for Pd at 62eV, gp,, was taken to be 5.50 x
10" cm? This value was estimated from the value presented in Section 2.3, which was

for Pd at 32eV.

127



7.3.1 Results for Pure Elements

7.3.1.1 Silver Standard

In order to calibrate the Knudsen Cell-Mass Spectrometer, a siiver standard was
used. This experiment measured the vapour pressure of silver, in order that the
instrument constant, k., from equation (5.1) be determined. It also provided a measure
of the apparatus. The signal produced by introducing the FC-43 standard at the
conclusion of the silver experiment allows the daily correction factor, s, to be calculated.

These resuits for the daily correction factor, s, were shown in Table 7-3.

7.3.1.2 Sample 1 - Pure Palladium

The values for the maximum peak intensity of the six isotopes of palladium were

measured above a sample of pure Pd. The results are shown in Table 7-5 at eight

temperatures.
Table 7-5. Intensity (peak maximum) data for Sample 1.
Temperature
(K) lode "“Pd lOSPd lo‘Pd lOSPd llﬂPd
1528 200 300 700 600 500 400
1585 100 600 700 900 700 500
1627 100 400 1100 1300 1000 1000
1652 400 900 1400 1500 1800 1300
1691 200 900 2400 2900 3300 2200
1718 300 2200 4200 5500 4700 1800
1753 300 3300 7300 7300 8000 4600
1772 500 4700 9800 11200 11300 4300

Equation (5.1) shows that the pressure for a given isotope of palladium is
proportional to the intensity multiplied by the temperature. Table 7-6 shows these values

with respect to the reciprocal of temperature.
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Table 7-6. Intensity multiplied by temperature data for Sample 1.

Temperature™
6.54x10" 305600 458400 1069600| 916800 764000 611200
6.31x10* 158500 951000 1109500{ 1426500 1109500 792500
6.15x10" 162700 650800 1789700 2115100 1627000 1627000
6.05x10* 660800 1486800 2312800| 2478000 2973600 2147600
5.91x10" 338200 1521900 4058400] 4903900 5580300 3720200
5.82x10% 515400 3779600 7215600| 9449000 8074600 3092400
5.70x10% 525900 5784900 12796900| 12796900 14024000 8063800
5.64x10™ 886000 8328400 17365600| 19846400 20023600 7619600

A plot of the natural log of intensity multiplied by temperature versus the

reciprocal of temperature for the pure Pd sample is shown in Figure 7-5. This plot shows

a linear relationship between In[/-T] and 31'- as expected from equation (5.1), when

() &

Furthermore, the results should group themselves in three bands: the most

combined with the Van’'t Hoff equation®?,

abundant isotopes (each accounting for =25% of natural Pd) '®Pd, '%Pd, and '%*Pd at the

top; '*Pd and ''°Pd (each ~11% of natural Pd) in the middle; and '®Pd at the bottom.

Because equation (5.1) accounts for the isotopic abundance, (i.e., n;), in theory
the partial vapour pressure of Pd calculated using each isotope should be equivalent.
Using the data from each of the six isotopes, it is now possible to determine the partial
vapour pressure of Pd by six independent calculations using equation (5.1). In the resuits
that follow, total Pd pressures are reported, but expressed in terms of the isotope that was

used in equation (5.1).
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Figure 7-5. Natural log (I*T) versus 1/T for the primary isotopes of Pd for Sample 1.
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From this figure it can be seen that the intensity associated with the lowest

temperature (i.e., 1528K) is insufficient to provide reasonable data. This data has been

omitted in the subsequent regression analysis. Figure 7-6 shows the results of linear

regression for each isotope of palladium.
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Figure 7-6. Results of the regression data for Sample 1.
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The coefficients of the linear regression are presented in Table 7-7 along with an
R* assessment of adequacy of fit. Only the three most abundant isotopes of Pd have an
R* greater than 0.95. Since 102pq 1%pd, and "'°Pd are the least abundant of the six
isotopes, the intensity of their signal was generally insufficient for analysis purposes,
especially at lower temperatures. In this and subsequent analysis, only the three most
abundant isotopes of Pd will be reported, since counting statistics were often poor for the
three least abundant isotopes of Pd. The slopes of the linear regression lines for the three
abundant isotopes are similar: mean value of ~1206.5 and a standard deviation of 58.6.

Table 7-7. Data for the linear regression analysis for Sample 1.

Isotope m (slope) b (intercept) R’
Wipq -778.11 1.5716 0.6715
1%4pd -1085.70 1.8088 0.8578
1%5pq -1206.27 1.9002 0.9870
pd -1148.03 1.8700 0.9739
18pg -1265.27 1.9385 0.9921
0pg -985.38 1.7580 0.9497

Using values of f=1.723, 5 = 1.798, kg = 8.28 x 107, and 0p; = 5.5 x 10'® em’,
the measured pressure for pure Pd was calculated using each isotope of Pd, Table 7-8.

Table 7-8. Computed partial pressures for Pd as calculated using the three abundant
isotopes, along with the predicted values from the thermodynamic model.

T pd Wepq Wpd Model
K (x10%tm) (x10°atm)  (x10°atm)  (x10°atm)
1585 0.26 0.27 022 0.91
1627 0.41 0.40 0.32 1.88
1652 0.53 0.47 0.58 2.85
1691 0.94 0.92 1.09 532
1718 1.66 1.78 1.57 8.06
1753 2.95 241 2.73 13.53
1772 4.00 3.74 3.90 17.77
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A plot of In Pryfearurea vs-%'- is shown in Figure 7-7.
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Figure 7-7. Plot of the Natural Logarithm of the Computed Partial Pressure for Pd
against Reciprocal Temperature.

A linear regression analysis was performed and the results of the linear regression

for the data are presented in Table 7-9.

Table 7-9. Data for the linear regression analysis for Figure 7-7.

Isotope m (slope) b (intercept) R’
Tpd 46558 14.115 0.9900
106pg -45780 13.593 0.9815
1%8pg -48001 14.930 0.9961

By taking the averages for the slope and intercept, an expression for the Pd partial
pressure as a function of temperature was calculated to be:

—46780

In{py, )= +14.213 (1.2)
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This expression can be compared with the equivalent expression for the literature

valuel'™:

-43353

In[p, )= +13.469 (7.3)

It can be seen that the agreement is respectable. From equation (7.2) the heat of
sublimation is calculated as 388929 J/mol, while the literature value, obtained from
equation (7.3), is 360437 J/mol. The difference is 28492 J/mol or about 8%.
Furthermore, because the calculated enthalpy of sublimation is within acceptable
agreement, the effect being measured is that of Pd vaporizing, and not that of a side

reaction such as Pd interacting with the tantalum crucible and then effusing.

The results for pailadium provide a measure of how well Pd can be measured by
the apparatus. By referring to Table 7-8, it was shown that the results for each of the
abundant isotopes of Pd were approximately in error by a factor of 4 below the predicted
pressure of Pd. There are several possible sources of error in the absolute determination
of ppq in equation (5.1), and these are summarized here:

1. I the intensity was determined by subtracting two spectra- one measured
when there was an open path to the detector and the other when the path was
obstructed (i.e., a background count). Both measurements were rounded to
the nearest 100 counts. In a 10000 count intensity reading the error would be
less than 1%;

2. T: the pyrometer is rated to be accurate to 1% of the measured temperature;

3. f- the measurement of the orifice diameter is £0.001 inches. For an orifice
diameter of 0.030inches, this can result in a 7% error in the value of £. This
error is compounded by the fact that there are two measurements involved- the
sample and the silver standard;

4. s: the daily correction factor is calculated as the average of three ratios
between FC-43 peaks measured for the Ag standard and the sample. If one
assumes that the standard deviation of these three values is the error, then a
reasonable estimate is between 15-20%;
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5. ops the ionization cross-section for Pd was estimated from literature values.

As there is little experimental evidence to support the estimated value, it could

in error by as much as a factor of 2. In other words, a value of 2.8 x 107" cm?

is not unreasonable.
6. y. this value was assumed to be 1. The associated error is just over 1%.

7. n: the isotopic abundance values for Pd were considered to be very accurate.

Of the sources of error listed above, the greatest uncertainty lies in the ionization
cross-section for Pd. If the factor of 4, by which the experimental measurements differ
from the literature values, were incorporated into this term, an ionization cross-section of
1.4 x 10™® cm? would result. This value is not consistent with the literature, however,

and has not been proposed.

In order to circumvent some of the uncertainties associated with calculating the
absolute partial pressure of the palladium above each of the alloys the relative partial
pressures of palladium will be used to compute the activity, apq. Since,

G-G =RTIn[an]=RTln[c_hﬂ] a.4)

€ P pure
where ¢’ represents the constants from the denominator of equation (5.1).

From equation (7.4) it can be seen that the constant terms used to calculate the
absolute pressures of Pd in both the alloy and the pure sample, cancel themselves. This
removes the necessity for refining the precision in the ionization cross-section, opy.
There is, however, error still associated with the experiment-to-experiment variables
(e.g., f and s) that are not eliminated. In the subsequent results, the relative partial
pressures of the alloy and pure palladium (calculated by equation (7.2)), will be reported,

since this is all that is necessary to test the thermodynamic models.
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7.3.2 Single Phase Alloys

7.3.2.1 Sample 2 —22 8%Pd/77.2%Rh

The intensity results for Sample 2 are shown in Table 7-10. Only the three most

abundant isotopes are reported. Appendix D contains complete results for Samples 2-8.

Table 7-10. Intensity (peak maximum) data for Sample 2.

Temperature

K 1054 196pg 108py

1741 300 400 500
1799 700 900 800
1850 1200 900 1100
1893 2100 2000 1900
1922 3000 2700 3200
1953 2600 3100 2700
1982 3700 4800 4100
2015 5100 6300 5900
2031 6900 7000 7200

A plot of the natural log of intensity multiplied by temperature versus the
reciprocal of temperature for the Sample 2 is shown in Figure 7-8. The results of linear

regression for each isotope of palladium for Sample 2 are shown as well.
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Figure 7-8. Natural log (I*T) versus 1/T for the isotopes of Pd for Sample 2. The lines
represent linear regression results for each isotope.

The coefficients of the linear regression are presented in Table 7-11 along with an

R? assessment of adequacy of fit. The slopes of the linear regression lines from the three

most abundant isotopes have a mean value of -1055.5 and a standard deviation of 55.8.

Table 7-11. Data for the linear regression analysis for Sample 2.

Isotope m (slope) b (intercept) R*
pg -1102.2 1.7583 0.9766
1%6pg -1070.6 1.7442 0.9799
108pg 9937 1.7042 0.9809

Aplotof In poyy ccurea V5 % is shown in Figure 7-9.
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Figure 7-9. Plot of the Natural Logarithm of the Computed Partial Pressure for Pd
against Reciprocal Temperature for Sample 2.

The coeffictents of the linear regression are presented in Table 7-12 along with an
R? assessment of adequacy of fit. The siopes of the linear regression lines in Figure 7-9

have a mean value of -36300 and a standard deviation of 1646.

Table 7-12. Linear regression analysis for Sample 2. The slope provides a measure of
the partial heat of mixing for Pd.

Isotope m (slope) b (intercept) R’
Tpg 37532 6.649 09811
106pg -36938 6.219 0.9803
108pg -34431 4.946 0.9795
Model -42928 12,512

From the linear regression data, an expression for the partial pressure of Pd in this

alloy can be derived, equation (7.5).
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-36300
]n[pm(mp,ﬂ)]=-—?-—-+ 5.938 (1.5)

From equation (7.5) the heat of sublimation in this temperature range is calculated
as 302kJ/mol, which compares to the predicted value of 357kJ/mol. The difference is

55kJ/mol or 15% lower than predicted.

The calculated ratio of the partial pressure for Pd over the alloy to the measured
partial pressure of pure Pd, along with the partial Gibbs energy of mixing for Pd in the
alloy and as predicted by the model are listed in Table 7-13. A comparison of the
measured partial Gibbs energy of mixing with the partial Gibbs energy of mixing

predicted by the model is shown in Figure 7-10.

Table 7-13. Computed are: the ratio of the partial pressure for Pd over the alloy to the
measured partial pressure of pure Pd; the partial Gibbs energy of mixing for Pd; and the
partial Gibbs energy of mixing as calculated by the thermodynamic model for Sample 2.

Experimental Experimental Model
Temperature Praattoy) AE:: AEZ

K P (purey (kJ/mol) (kJ/mol)
1741 0.105 -32.6 -10.8
1799 0.086 -36.6 -11.6
1850 0.074 -40.1 -12.3
1893 0.065 -43.1 -12.9
1922 0.059 -45.1 -133
1953 0.055 -47.2 -13.7
1982 0.050 -49.2 -14.1
2015 0.046 -51.5 -14.6
2031 0.044 -52.6 -14.8
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Figure 7-10. Comparison of Measured Partial Gibbs energy of mixing with the Partial
Gibbs energy of mixing predicted by the model. Sample 2.

7.3.2.2 Sample 3 — 52.0%Pd/48.0%Rh

The intensity results for Sample 3 are shown in Table 7-14.

Table 7-14. Intensity (peak maximum) data for Sample 3.

Temperature

(K) 1%5pq 1%py %pq

1730 1100 1300 1200
1805 2600 3400 2800
1838 4400 4700 5000
1869 8000 9300 8400
1901 13100 14000 15000
1929 20600 23500 23000

A plot of the natural log of intensity muitiplied by temperature versus the
reciprocal of temperature for the 52.8%Pd/47.2%Rh sample is shown in Figure 7-11,

along with the results of the linear regression analysis.

139



20

15 ¢+

In (1*T)

10

L05amu (22.33%)
L06amu (27.33%)
108amu (26.44%)
g, 186K -----~ Regression Lines

. )
1730K

T T T L) T ¥ [0

0.00051 0.00052 0.00053 0.00054 0.00055 000056 000057 0.00058 0.00059

/T (K)

Figure 7-11. Natural log (I*T) versus 1/T for the primary isotopes of Pd for Sample 3
along with the results of the regression analysis.

The linear regression analysis for Sample 3 is shown in Table 7-15. The average

slope was —1396.7 and the standard deviation was 33.7.

Table 7-15, Data for the linear regression analysis for Sample 3.

Isotope m (slope) b (intercept) R’
Spd -1413.7 1.9738 0.9904
106pg -1357.9 1.9474 0.9896
108py -1418.6 1.9791 0.9898

Aplotof In poy ypcurea vs—;; is shown in Figure 7-12.
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Figure 7-12. Plot of the Natural Logarithm of the Computed Partial Pressure for Pd
against Reciprocal Temperature for Sample 3.

The coefficients of the linear regression are presented in Table 7-16 along with an
R? assessment of adequacy of fit. The slopes of the linear regression lines in Figure 7-12

have a mean value of —=51200 and a standard deviation of 1084.

Table 7-16. Linear regression analysis for Sample 3. The slope provides a measure of
the partial heat of mixing for Pd.

Isotope m (slope) b (intercept) R’
Tpd 51558 16.070 0.9855
106pq -49982 15.155 0.9847
18pg -52060 16.270 0.9847
Model -44202 13.578

From the linear regression data, an expression for the partial pressure of Pd in this

alloy can be derived, equation (7.6).

141



-51200
ln[FPd(Samp[eS)} = _?—‘*’ 15.832 (7.6)

From equation (7.6) the heat of sublimation in this temperature range is calculated
as 426kJ/mol, which compares to the predicted value of 367kJ/mol. The difference is

58kJ/mol or 16% higher than predicted.

The calculated ratio of the partial pressure for Pd over the alloy to the measured
partial pressure of pure Pd, along with the partial Gibbs energy of mixing for Pd in the
alloy and as predicted by the model are listed in Table 7-17. A companson of the
measured partial Gibbs energy of mixing with the partial Gibbs energy of mixing

predicted by the model is shown in Figure 7-13.

Table 7-17. Computed are: the ratio of the partial pressure for Pd over the alloy to the
measured partial pressure of pure Pd; the partial Gibbs energy of mixing for Pd; and the
partial Gibbs energy of mixing as calculated by the thermodynamic model for Sample 3.

Experimental Experimental Model
Temperature  p,, . . AE:'. AE}";

x Pracpure) (kJ/mol) (kJ/mol)
1730 0392 -13.5 -5.6
1805 0.436 -12.5 -6.1
1838 0.456 -12.0 -6.3
1869 0.474 -11.6 -6.5
1901 0.494 -11.2 -6.7
1929 0.511 -10.8 -6.8
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Figure 7-13. Comparison of Measured Partial Gibbs energy of mixing with the Partial
Gibbs energy of mixing predicted by the model. Sample 3.

73.2.3 Sample 4 —20.3%Mo/19.8%Ru/20.2%Pd/39.7%Rh

The intensity results for Sample 4 are shown in Table 7-18.

Table 7-18. Intensity (peak maximum) data for Sample 4.

Temperature

(K) 105pg 16pg 18pg

1715 1100 900 800
1737 1200 1100 1300
1757 1400 1300 1400
1779 1600 1800 1400
1802 2000 2400 2100
1824 2200 3100 2400
1844 2800 3100 3200
1861 3200 3700 2900
1885 4000 3800 3700
1910 4800 4600 4200

A plot of the natural log of intensity multiplied by temperature versus the
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reciprocal of temperature for Sample 4 is shown in Figure 7-14.
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Figure 7-14. Natural log (I*T) versus 1/T for the primary isotopes of Pd for Sample 4
along with the resuits of the regression analysis.

The results of the linear regression are presented in Table 7-19. The data from the

three most abundant isotopes is consistent with an average slope of -822.4 and a standard

deviation of 43.7.

Table 7-19. Data for the linear regression analysis for sample Sample 4.

Isotope m (slope) b (intercept) R
P 71814 1.6129 0.9913
106pg -868.3 1.6621 0.9675
108pg 8176 1.6317 0.9612

A plot of In ppy ¢ securea vs% is shown in Figure 7-7.
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Figure 7-15. Plot of the Natural Logarithm of the Computed Partial Pressure for Pd
against Reciprocal Temperature for Sample 4.

The coefficients of the linear regression are presented in Table 7-23 along with an
R? assessment of adequacy of fit. The slopes of the linear regression lines in Figure 7-15

have a mean value of 28761 and a standard deviation of 1515.

Table 7-20. Linear regression analysis for Sampie 4. The slope provides a measure of
the partial heat of mixing for Pd.

Isotope m (slope) b (intercept) R’
Wpg 27415 2.664 0.9872
106pg -30402 4.157 0.9739
18pg 28467 3.035 0.9641
Model -43848 12.550

From the linear regression data, an expression for the partial pressure of Pd in this

alloy can be derived, equation (7.7).
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From equation (7.7) the heat of sublimation in this temperature range is calculated
as 239kJ/mol, which compares to the predicted value of 365kJ/mol. The difference is

1255kJ/mol or 34% lower than predicted.

The calculated ratio of the partial pressure for Pd over the alloy to the measured
partial pressure of pure Pd, along with the partial Gibbs energy of mixing for Pd in the
alloy and as predicted by the model are listed in Table 7-21. A comparison of the
measured partial Gibbs energy of mixing with the partial Gibbs energy of mixing

predicted by the model is shown in Figure 7-16.

Table 7-21. Computed are: the ratio of the partial pressure for Pd over the alloy to the
measured partial pressure of pure Pd; the partial Gibbs energy of mixing for Pd; and the
partial Gibbs energy of mixing as calculated by the thermodynamic model for Sample 4.

Experimental Experimental Model
Temperature Pru oy AE:: AE}-}?‘

(K) Prstower (kJ/mol) (kJ/mol)
1715 0.656 -6.0 -17.6
1737 0.574 -8.0 -17.9
1757 0.510 9.8 -18.2
1779 0.450 -11.8 -18.6
1802 0.395 -13.9 -18.9
1824 0.350 -15.9 -19.3
1844 0.315 -17.7 -19.6
1861 0.288 -19.3 -19.9
1885 0.254 -21.5 20.2
1910 0.224 -23.7 -20.6
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Figure 7-16. Comparison of Measured Partial Gibbs energy of mixing with the Partial
Gibbs energy of mixing predicted by the model. Sample 4.

7.3.2.4 Sample 5 — 20.1%Mo/30.1%Ru/19.9%Pd/29.9%Rh

The intensity results for Sample 5 are shown in Table 7-22.

Table 7-22. Intensity (peak maximum) data for Sample 5.

Temperature

) 1%5pg 1%pg 19%pg

1684 900 1200 700
1703 1200 1100 1000
1723 1800 1100 1300
1743 1500 2100 1800
1759 2700 3000 2400
1786 3200 2900 3100
1812 3700 3800 3800
1837 4700 5000 3800
1858 6000 5800 6200
1874 5900 6100 6000

A plot of the natural log of intensity multiplied by temperature versus the
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reciprocal of temperature for Sample 5 is shown in Figure 7-17.
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Figure 7-17. Natural log (I*T) versus 1/T for the primary isotopes of Pd for Sample 5
along with the results of the regression analysis.

The results from the linear regression analysis are presented in Table 7-23. The

average slope of the line is ~976.2 with a standard deviation of 65.4.

Table 7-23. Data for the linear regression analysis for Sample 5.

Isotope m (slope) b (intercept) R’
pd -943.3 1.7171 0.9621
106pg -933.7 1.7121 0.9373
108pg -1051.5 1.7755 0.9680

A plot of In g, reasurea vs-;: is shown in Figure 7-18.
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Figure 7-18. Plot of the Natural Logarithm of the Computed Partial Pressure for Pd
against Reciprocal Temperature for Sample 5.

The coefficients of the linear regression are presented in Table 7-24 along with an
R? assessment of adequacy of fit. The slopes of the linear regression lines in Figure 7-18

have a mean value of —34277 and a standard deviation of 2122.

Table 7-24. Linear regression analysis for Sample 5. The slope provides a measure of
the partial heat of mixing for Pd.

Isotope m (slope) b (intercept) R’
Tpy 33242 5.920 0.9668
106pg -32870 5223 0.9372
108pg 36718 7.622 0.9705
Model -43800 12.559

From the linear regression data, an expression for the partial pressure of Pd in this

alloy can be derived, equation (7.8).
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From equation (7.8) the heat of sublimation in this temperature range is calculated
as 285kJ/mol, which compares to the predicted value of 364kJ/mol. The difference is

79kJ/mol or 22% lower than predicted.

The calculated ratio of the partial pressure for Pd over the alloy to the measured
partial pressure of pure Pd, along with the partial Gibbs energy of mixing for Pd in the
alloy and as predicted by the model are listed in Table 7-25. A companson of the
measured partial Gibbs energy of mixing with the partial Gibbs energy of mixing

predicted by the model is shown in Figure 7-19.

Table 7-25. Computed are: the ratio of the partial pressure for Pd over the alloy to the
measured partial pressure of pure Pd; the partial Gibbs energy of mixing for Pd; and the
partial Gibbs energy of mixing as caiculated by the thermodynamic model for Samplie 5.

Experimental Experimental Model
Temperature  p,, .. AGre Aa"‘x

(4] Pracpurey (kJ/mol) (kJ/mol)
1684 0.587 -7.5 -16.8
1703 0.540 -8.7 -17.1
1723 0.496 -10.0 -17.4
1743 0.456 -114 -17.7
1759 0.427 -124 -17.9
1786 0.384 -142 -18.3
1812 0.347 -15.9 -18.7
1837 0.316 -17.6 -19.1
1858 0.293 -19.0 -19.4
1874 0.276 -20.0 -19.6
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Figure 7-19. Comparison of Measured Partial Gibbs energy of mixing with the Partial
Gibbs energy of mixing predicted by the model. Sample 5.

7.3.2.5 Sample 6 — 20.3%Mo/39.9%Ru/19.8%Pd/20.0%Rh

The intensity results for Sample 6 are shown in Table 7-26.

Table 7-26. Intensity (peak maximum) data for Sample 6.

Temperature
(K) 1Spg 1%pd 1%8pg
1661 300 300 300
1686 400 500 400
1705 500 400 600
1734 900 800 600
1760 1000 700 700
1787 1600 1300 1400
1813 2300 2200 1500
1833 2200 2400 1600
1853 2800 3000 3200
1875 3900 3600 2800

A plot of the natural log of intensity multiplied by temperature versus the
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reciprocal of temperature for Sample 6 is shown in Figure 7-20.
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Figure 7-20. Natural log (I*T) versus 1/T for the primary isotopes of Pd for Sample 6
along with the results of the regression analysis.

The results from the linear regression analysis are presented in Table 7-27. The

average slope of the line is —1135.4 with a standard deviation of 61.5.

Table 7-27. Data for the linear regression analysis for Sample 6.

Isotope m (slope) b (intercept) R’
Tpq 11715 1.8245 0.9868
06pg -1170.4 1.8219 0.9643
08pg4 -1064 4 1.7591 0.9601

A plotof In poysearurea vs—;T is shown in Figure 7-21
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Figure 7-21. Plot of the Natural Logarithm of the Computed Partial Pressure for Pd
against Reciprocal Temperature for Sample 6.

The coefficients of the linear regression are presented in Table 7-28 along with an
R? assessment of adequacy of fit. The slopes of the linear regression lines in Figure 7-21

have a mean value of —-376635 and a standard deviation of 2182.

Table 7-28. Linear regression analysis for Sample 6. The slope provides a measure of
the partial heat of mixing for Pd.

Isotope m (slope) b (intercept) R
¥pd -38042 8.572 0.9880
106pg -38907 8.285 0.9631
108pg -35145 6.089 0.9545
Model 43548 12.469

From the linear regression data, an expression for the partial pressure of Pd in this

alloy can be derived, equation (7.9).
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From equation (7.9) the heat of sublimation in this temperature range is calculated
as 313kJ/mol, which compares to the predicted value of 362kJ/mol. The difference is

49kJ/mol or 14% lower than predicted.

The calculated ratio of the partial pressure for Pd over the alloy to the measured
partial pressure of pure Pd, along with the partial Gibbs energy of mixing for Pd in the
alloy and as predicted by the model are listed in Table 7-29. A comparison of the
measured partial Gibbs energy of mixing with the partial Gibbs energy of mixing
predicted by the model is shown in Figure 7-22.

Table 7-29. Computed are: the ratio of the partial pressure for Pd over the alloy to the

measured partial pressure of pure Pd; the partial Gibbs energy of mixing for Pd; and the
partial Gibbs energy of mixing as calculated by the thermodynamic modei for Sample 6.

Experimental Experimental Model
Temperature  pp, AGre AGra

(K) P o (kJ/mol) (kJ/mol)
1661 0.341 -14.9 -15.5
1686 0.314 -16.2 -15.9
1705 0.296 -17.3 -16.1
1734 0.271 -18.8 -16.5
1760 0.250 -20.3 -16.9
1787 0.231 -21.7 -17.2
1813 0.215 -23.2 -17.6
1833 0.204 -24.2 -17.9
1853 0.193 253 -18.1
1875 0.182 -26.5 -18.4
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Figure 7-22. Comparison of Measured Partial Gibbs energy of mixing with the Partial
Gibbs energy of mixing predicted by the model. Sample 6.
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7.3.3 Two Phase Alloys

7.33.1 Sample 7 — 50.5%Ma/40.2%Ru/9.3%Pd

The intensity results for Sample 7 are shown in Table 7-30.

Table 7-30. Intensity (peak maximum) data for Sample 7.

Temperature
K 1%pd 196pg 18pg
1793 500 700 800
1827 900 1200 1200
1857 1100 2100 1300
1886 2000 1600 1700
1916 2300 2100 2800
1944 2300 2700 2800
1962 2300 2700 2600

A plot of the natural log of intensity multiplied by temperature versus the

reciprocal of temperature for the Sample 7 is shown in Figure 7-23.
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Figure 7-23. Natural log (I*T) versus 1/T for the primary isotopes of Pd for Sample 7

along with the results of the regression analysis.

The results from the linear regression analysis are presented in Table 7-31. The

average slope of the line is -888.8 with a standard deviation of 118.1.

Table 7-31. Data for the linear regression analysis for Sample 7.

[sotope m (slope) b (intercept) R’
Tpd -1023.71 1.7140 0.9061
106pg -803.94 1.6027 0.8580
108pq -838.76 1.6212 0.9384

Aplotof Inp,, i vs% is shown in Figure 7-28.
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Figure 7-24. Plot of the Natural Logarithm of the Computed Partial Pressure for Pd
against Reciprocal Temperature for Sample 7.

The coefficients of the linear regression are presented in Table 7-32 along with an
R* assessment of adequacy of fit. The slopes of the linear regression lines in Figure 7-28

have a mean value of —-30322 and a standard deviation of 3706.

Table 7-32. Linear regression analysis for Sample 7. The slope provides a measure of
the partial heat of mixing for Pd.

Isotope m (slope) b (intercept) R

~ Wepy 34544 5.140 0.9140
1%pg -27608 1.435 0.8722
108pg -28815 2.109 0.9388
Model -43071 10.884

From the linear regression data, an expression for the partial pressure of Pd in this

alloy can be derived, equation (7.10).
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From equation (7.10) the heat of sublimation in this temperature range is
calculated as 252kJ/mol, which compares to the predicted value of 358kJ/mol. The

difference is 106kJ/mol or 30% lower than predicted.

The calculated ratio of the partial pressure for Pd over the alloy to the measured
partial pressure of pure Pd, along with the partial Gibbs energy of mixing for Pd in the
alloy and as predicted by the model are listed in Table 7-33. A comparison of the
measured partial Gibbs energy of mixing with the partial Gibbs energy of mixing

predicted by the model is shown in Figure 7-25.

Table 7-33. Computed are: the ratio of the partial pressure for Pd over the alloy to the
measured partial pressure of pure Pd; the partial Gibbs energy of mixing for Pd; and the
partial Gibbs energy of mixing as calculated by the thermodynamic model for Sample 7.

Experimental Experimental Model
Temperature  ppy i) AGe AGri

KX Pra(purer (kJ/mol) (kJ/mol)
1793 0.118 -31.9 -37.3
1827 0.099 -35.1 -383
1857 0.085 -38.0 -39.2
1886 0.075 -40.7 -40.0
1916 0.065 -43.5 -40.8
1944 0.058 -46.1 -41.6
1962 0.053 -47.8 -42.0
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Figure 7-25. Comparison of Measured Partial Gibbs energy of mixing with the Partial
Gibbs energy of mixing predicted by the model. Sample 7.

7.3.3.2 Sample 8 — 70.0%Mo/10.0%Ru/10.0%Pd/10.0%Rh

The intensity results for Sample 8 are shown in Table 7-34.

Table 7-34, Intensity (peak maximum) data for Sample 8.

Temperature
X 105pg 16pg 168pg
1687 400 700 600
1713 900 700 400
1738 1200 800 800
1761 1100 1300 1300
1782 1600 1500 1700
1806 1700 1800 2000
1829 1800 2400 L900
1850 2600 3400 3000
1869 3500 4000 3300
1892 4900 4500 4000

A plot of the natural log of intensity multiplied by temperature versus the

reciprocal of temperature for the sample 8 is shown in Figure 7-26.
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Figure 7-26. Natural log (I*T) versus 1/T for the primary isotopes of Pd for Sample 8
along with the results of the regression analysis.

The results from the linear regression analysis are presented in Table 7-35. The

average slope of the line is —1021.4 with a standard deviation of 36.3.

Table 7-35. Data for the linear regression analysis for Sample 8.

Isotope m (slope) b (intercept) R’
Tpy 999.2] 1.7297 0.9323
106pg -1001.80 1.7331 0.9750
108pg -1063.31 1.7640 0.9218

A plot of In ppyycsurea vs-lf ts shown in Figure 7-27.
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Figure 7-27. Plot of the Natural Logarithm of the Computed Partial Pressure for Pd
against Reciprocal Temperature for Sample 8.

The coefficients of the linear regression are presented in Table 7-36 along with an
R? assessment of adequacy of fit. The slopes of the linear regression lines in Figure 7-27

have a mean value of -34905 and a standard deviation of 1060.

Table 7-36. Linear regression analysis for Sample 8. The slope provides a measure of
the partial heat of mixing for Pd.

Isotope m (slope) b (intercept) R’
Tpg 234120 5.484 0.9384
106pg -34485 5553 0.9715
108pq 236111 6.378 0.9298
Model -42098 11.096

From the linear regression data, an expression for the partial pressure of Pd in this

alloy can be derived, equation (7.11).
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T
From equation (7.11) the heat of sublimation in this temperature range is
calculated as 290kJ/mol, which compares to the predicted value of 350kJ/mol. The

difference is 60kJ/mol or 17%.

The calculated ratio of the partial pressure for Pd over the alloy to the measured
partial pressure of pure Pd, along with the partial Gibbs energy of mixing for Pd in the
alloy and as predicted by the mode! are listed in Table 7-37. A comparison of the
measured partial Gibbs energy of mixing with the partial Gibbs energy of mixing

predicted by the model is shown in Figure 7-28.

Table 7-37. Computed are: the ratio of the partial pressure for Pd over the alloy to the
measured partial pressure of pure Pd; the partial Gibbs energy of mixing for Pd; and the
partial Gibbs energy of mixing as calcuiated by the thermodynamic model for Sampie 8.

Experimental Experimental Model
Temperature  p,, ... AGw AG o

X Pra(gure) (kJ/mol) (kJ/mol)
1687 0.254 -19.2 -33.1
1713 0.229 -21.0 -33.8
1738 0.207 -22.8 -34.5
1761 0.189 -244 -35.1
1782 0.175 -25.8 -35.6
1806 0.160 275 -36.3
1829 0.147 -29.1 -36.9
1850 0.137 -30.6 -37.4
1869 0.128 -31.9 -379
1892 0.119 -335 -38.5
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Gibbs energy of mixing predicted by the model. Sample 8.
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7.3.4 Summary of the Results - Rationale for Concluding Experimentation

7.3.4.1 Saturation of the Knudsen Cell

[n analysing the results for possible reasons to account for the discrepancies
between the measured partial pressures and the predicted partial pressures, the question
must be asked as to whether or not there was saturation of Pd vapour in the Knudsen Cell.
In all cases the heats of sublimation calculated from the results agreed with the heats of
sublimation predicted by theory. This suggests that saturation did occur. Furthermore,
there were not any systematic trends in the discrepancies in the absolute pressure

measured over the alloys or the pure palladium sample.

7.3.4.2 Error Analysis

A comparison between the measured partial Gibbs energy of mixing with the
partial Gibbs energy of mixing predicted for all seven alloys at 1800K is shown in Figure
7-29.
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Figure 7-29. Comparison of Measured Partial Gibbs energy of mixing with the Partial
Gibbs energy of mixing predicted by the model for all alloys at 1800K.

Compositional Key for Figure 7-29 (Atomic Percent)

Sample 2: 22.8%Pd 77.2% Rh

Sample 3: 52.0%Pd 48.0% Rh

Sample 4: 20.3% Mio 19.8% Ru 202%Pd  39.7%Rh
Sample 5: 20.1% Mo  30.1%Ru 199%Pd  29.9% Rh
Sample 6: 203% Mo  39.9% Ru 19.8% Pd 20.1% Rh
Sample 7: 50.5% Mo  40.2% Ru 9.3% Pd

Sample 8: 70.0% Mo 10.0% Ru 10.0% Pd 10.0% Rh

From Figure 7-29 it can be seen that the agreement between the experimentally
determined partial Gibbs energy of mixing for palladium and the values predicted by the

improved thermodynamic model is reasonable, except for Sample 2.

By computing the partial pressures of the alloys relative to the measured partial

pressure of pure Pd, the need for exactly determining the ionization cross-section, opg,
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was eliminated. However, errors associated with the variations in the experiment-to-
experiment parameters, namely f and s, were reduced but not eliminated. This means that
the errors associated with the ratio of the partial pressures for each experiment probably
ranged up to 30%. In Figure 7-29, the error associated with the measured partial Gibbs
energy of mixing for Pd is based on this uncertainty. This allowed an upper and lower

bound to be placed on the measured partial Gibbs energy of mixing for Pd.
The predicted partial Gibbs energy of mixing for Pd was calculated by:

AGrs = RTn[a,,] = RTIn[X,, J+ RT 17, ] (.12)

idea! term mu;term

where Xp, represents the mole fraction of Pd in the alloy, and yp, represents the activity

coefficient.

The error in the predicted partial Gibbs energy of mixing for Pd can be
apportioned to errors in the ideal term and errors in the excess term. During each
experiment, mass loss occurs in the sample and this was attributed to vaporization of Pd.
Therefore, the mole fraction of Pd varied slightly over the course of the experiment. The
error in the ideal term was ascribed to the variation in the mole fraction of Pd. The
maximum error in the ideal term was calculated by equation (7.13), using values for the

mole fraction of Pd found in Table 6-7.

70T it m =|RT0 X |~ RTI] X )| (1.13)

The error in a generally small excess term was judged to be 50%. In absolute

terms the maximum error was 5500J/mol (Sample 2). The total error for the predicted
partial Gibbs energy of mixing for Pd was the sum of the error in the ideal term and the

excess term.
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7.3.4.3 Further Experimentation

In light of the precision suggested by the results shown in Figure 7-29, the
justification for further expensive experimentation on highly specialized equipment could
not be made. The results, however, generally confirm agreement between the measured
and predicted partial Gibbs energies of mixing for Pd... as well as one might expect at
1800K. The one outlying point in Figure 7-29 is the result from Sample 2, which lies
well off the line of agreement. Two possible reasons for the discrepancy associated with
the results for Sample 2 are that there were crucible effects or complications associated
with too small an orifice in the Knudsen cell lid. From Table 6-6, it can be seen that the
zirconia crucible was from the Pinawa batch (unlike any of the others) and the onfice
diameter was much smaller than that for any other sample. In addition, Sample 2 was the
first experiment involving an alloy. Any or all of these three factors may have caused

this outlying point.
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8. Application of the Thermodynamic Model to Provide an Improved
Fission Product Release Model

8.1 Preliminary Remarks

As mentioned previously, a rupture in the water coolant system of a CANDU
nuclear reactor could lead to a loss-of-coolant-accident. For the purposes of safety
analysis, modelling the behaviour of the fuel rod/cladding system is extremely important
(see Appendix E). By understanding the behaviour of the fuel and the fission products
that it contains, as they are exposed to and interact with the surrounding atmosphere, it is
possible to predict the species (radioactive and inert) that will escape into the
containment system of the reactor. Consideration of this problem led to the development

of the fission product release model published by Lewis et al, 2.

A modified schematic diagram describing the fission product release model is
shown in Figure 8-1. At the points marked “A”, steam in the system reacts with the

Zircalloy cladding via reaction (8.1), resulting in a steam and hydrogen gas mixture.

devated T
Z1 fom zircatiayy T 22O pgpoey " 2r Oy + 2H

(8.1)

(vapaur)

Release to containment: £,
ZO gas stream Bulk Gas

= = : f

Zircailoy Cladding

Figure 8-1. A modified schematic diagram of the fission product release model.

167



The Hizo— mixture resulting from reaction (8.1) establishes the oxygen potential

in the system and subsequent reactions of that gas mixture. Furthermore, the amount of
water that is involved is an important variable, since this will influence how much Hj (gg)
may be produced, and also affect the overall proportion of gas (H, and H,0) to oxide
fuel. These variables and the temperature determine the boundary conditions for
thermodynamic calculations for the speciation of the oxide fuel as it comes into contact
with the gas mixture. Once the speciation has been established, and the partial pressures
for each calculated, the rate of transport for each species, R;, can be calculated using

equation (1.7), and a measure of volatile radioisotope release can thus be obtained.

In order to determine the speciation and concentrations of the fission products
being released it can be seen that a wide range of conditions may exist. Furthermore,
since a typical inventory of UO, fuel after burn up consists of up to 60 elements’, the
number of possible gaseous species that can resuit is very large. Obviously, calculations
that are species and temperature specific would be voluminous, time consuming, and

unwieldy to be effectively used in any safety analysis.

The fission product release model published by Lewis et al.l'?! was developed by
considering a large matrix of possible conditions, pertaining to likely conditions during a
loss-of-coolant-accident. The three variables were:

1. Temperature- the range of 1000K to 3000K was selected. From 1000-2000K
calculations were performed at 50K intervals. Above 2000K, the interval was
100K;

2. Reducing or Oxidizing Conditions- this was set by establishing the hydrogen

* The fission product inventory predicted by the ORIGEN2 codef?! has 60 elements; 26 are at trace levels.
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By

gas to steam ratio, 520 . Values used: 10°, 10*, 10°, 102, 10, 1, 0.1, and 0.01.

3

As mentioned ptevim-lsly, hydrogen gas is expected to develop as a result of
the reaction of the Zircalloy cladding with water vapour;

. Fission Product-to-Atmosphere Molar Ratio- calculated from the ratio of Cs to

Cs

——————). Values for this ratio: 10%, 107, and 10°.
(H,+H,0)

total atmosphere (i.c.,

using the ORIGIN2 code!?, the fission product inventory in a single channel

of a CANDU reactor containing 13 bundles of uranium dioxide fuel with an equilibrium

burn up of

100 MWh/kg U was calculated, shown in Table 8-1.

Table 8-1. Inventory of the fission products in a single channel of CANDU fuel with an

equilibrium burn up of 100 MWhkg U

Element Inventory Element Inventory Element Inventory
(moles) (moles) (moles)
U 1014.50 Cs 0.745 Rh 0.166
Pu 2.754 Sr 0.421 Te 0.138
Zr 1.442 Ba 0.389 Np 0.096
Mo 1.15 Pd 0.346 Nb 0.043
Ru 0.899 La 0.332 I 0.0385
Nd 0.859 Pr 0.265 Eu 0.025
Ce 0.824 Y 0.215 Sb 0.006

For a typical reaction of one channel in a CANDU reactor, the reactants would be

expressed as:

1014.5U0, +2.754Pu +1.442Zr +1.15Mo +0.899Ru + 0.8 59Nd +

0.824Ce +0.745Cs +0.4215r +0.389Ba +0.346 Pd +0.332La +

0.265Pr+0.215Y +0.166RAh +0.138Te +0.096 Np +0.043Nb + 8.2)
0.745

0.03851, +0.025Ex +0.006Sh +(10—_n) (xH,0+(1-0)H, )—L2>

where n represents the exponent of the ratio of Cs (0.745moles) to total atmosphere (i.e.,

‘In subsequent calculations all uranium present initially was considered to be in the chemical form UQ,.
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C

——-—f—--—--), and x represents the fraction of H,O that satisfies the appropriate hydrogen
(#,+H,0)

to steam ratio.

Gibbs energy minimization calculations at regular intervals of temperature will
determine the equilibrium products for equation (8.2). These products will consist of
several condensed phases (solid or liquid) and an ideal vapour phase. For the vapour
phase, the partial pressures of each gaseous species will also be calculated, which allows
for equation (1.7) to be employed. However, even by restricting the calculations to
specific temperatures, there is still far too much data to process rapidly for use as

boundary conditions in additional computations.

8.2 The Method of Chemical Potentials

The Method of Chemical Potentials!'>'%°!! was developed as a technique to
extract the essence of the thermodynamic computations contained within the matrix of 24
conditions, over the 2000K temperature range. It was essential that this be a “stand-
alone” technique, by which it was understood that time consuming Gibbs energy
minimization calculations would be efficiently recorded only in such a manner that the
computations could be retrieved rapidly at any temperature. This is essential so that
calculations of the type embodied in equation (8.2) can be incorporated as boundary

conditions into fission product release scenarios for safety analysis.

For the formation of any compound from its constituent elements, a general

reaction can be written:

K,
xA+yB+20=—"—=A4,B,C, 8.3)
where the equilibrium constant, K, is defined as:
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Pasc. [-A ]
K, = — —=exp| —— (8.4)
* (Pa) (Ps)y (Pc) RT
where, R represents the gas constant, T the temperature, and AG’ the standard Gibbs

energy change of the reaction. The standard Gibbs energy change, AG", can be computed

from the standard Gibbs energy of formation equations for the compounds (or the

equivalent), by:

AG" =G 5 —xG, —yGy —2Gc (8.5)
where G° =AH"-TS". G° is sometimes called the “absolute” Gibbs energy;
numerically, this simply is a method to conveniently compute Gibbs energy change.
Combining equations (8.4) and (8.5) gives:

xG, +yGy +2G: -G 5 ¢,
RT

Pusc, = ((PA )x (Pa )y (Pc ): )exP[ 8.6)

Equation (8.6) is specifically needed for the mass transfer model described by
Equations (1.7) and (1.8). From equation (8.6) it can be seen that to determine the partial
pressure of any species, it is sufficient to represent accurately the partial pressure of the
constituent elements (computed by time consuming Gibbs energy minimization) using an
empirical series and the standard absolute Gibbs energy for the elements and the

compound. This method of storing the equilibrium computations for gas species

concentrations for a matrix of conditions (i.e., a specific i ratio and &
H,0 (H,+H,0)

ratio, over the 1000K to 3000K temperature range), simply requires, in addition to the

empirical series for each element, a table of Gibbs energies for all the compounds

involved('>'8!,
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8.3 Demonstrating an Improved Fission Product Release Model
8.3.1 Typical FORM 2.0 Calculation

Using the fission product inventory predicted by the ORIGEN2 code™?!

thermodynamic equilibrium calculations were performed over the temperature range for
the twenty four different accident scenarios!'®l. Gibbs energy minimization!'”! was used
to determine the equilibrium at a specified temperature and a total atmospheric pressure

of 1 atm. For these calculations the following assumptions were made:

1. The gas phase is an ideal gas, therefore, for each species, i, p; = X0y Prar 5

2. All metallic liquids form an ideal metallic liquid solution, if they form a

solution phase at all, therefore a;;, iiay = Xiginiquia) >
3. All solids (i.e., intermetallics, oxides, and spinels) are treated as pure separate
phases; and if a;;;g = | the solid forms, but if a4 < 1 the solid does not form.

A representative calculation is presented in Figure 8-2. The temperature for this

calculation was 1800K, the ratio of A, was 1, and the ratio C—S was 107, It

H,0 (H, + H,0)
should also be noted that the result for this calculation has been truncated for the sake of
brevity. Only the first eleven gaseous species (in order of concentration) have been
shown. For the gas phase, the total number of moles of gas is given first (i.e., 7451 1mol).
The mole fractions for the gas species are listed next to each (e.g., the mole fraction of

Hagy= 0.50005).

Because the “ideal metallic liquid” does not contribute to lowering the overall
Gibbs energy, it does not form- there are zero moles of it. Finally, only the twelve solids
and liquids that have a unit activity appear as distinct phases. Because this system has 23
components, the maximum number of separate coexistent phases that may form, as stated

by the Gibbs Phase Rule, is 23, since temperature and pressure are fixed. Because a
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distinct gas phase is present, the maximum number of solid and liquid phases that may

form is 22, and as only twelve are present, the Phase Rule is respected.

10145 U0, +0.096 Np +2.754 Pu+ 0.824 Ce +0.215Y +0.138 Te + 0.332 La + 1.442 Zr
+0.389 Ba +0.899 Ru + 1.150 Mo + 0.265 Pr + 0421 Sr + 0.0385 I, + 0.859 Nd + 0.043 Nb
+10.006 Sb +0.745 Cs + 0.166 Rk + 0.346 Pd +0.025 Eu + 37250H,0 + 37250H, =

Vapour Phase (Ideal Gas Mixture):

74511. mol ( 0.50005 H2
+ 0.49964 H20 -
+ 0.25185E-03 H Do, = 2.85x107 atm
+ 0.16990E-04 OH
+ 0.15222E-04 H2Mo0O4
+ 0.83348E-05 CsOH
+ 0.50686E-05 Ba(OH)2
+ 0.30966E-05 PIOH
+ 0.22279E-05 RRO2
+ 0.18223E-05 Te
+ 0.15470E-05 Pd

~Total of 179 gas species~ (1800K, | atm, gas_ideal)
“Ideal Metallic Liquid™:
+0.0mol (Ru, Pd, Mo, Rh, Te, Sb, Nb, Cs, Ba, Eu, Pr, La, Pu, Ce, Nd, Zr, U, Y)
(1800K, 1 atm, ideal liquid, a=0.52782 )
12 Distinct Solid and Liquid Phases (maximum of 22 is possible):

+ 1014.10000 mol  UO2 (1800K, | atm, S1, a= 1.0)
+ 2.75390mol  Pu02 (1800K, ! atm, S1, a= 1.0)
+ 0.89897 mal Ru (1800K, | atm, S1, a= 1.0)
+ 0.42589 mol  (Nd203)(Zr02)2 (1800K, | atm, S1, a= 1.0)
+ 0.42100 mol  (StUO4) (1800K, 1 atm, S1, a=1.0)
+ 0.37522mol  ZrO2 (1800K, | atm, S2, a=1.0)
+ 0.15849 mol  La203 (1800K, | atm, S1, a=1.0)
+ 0.13243mol  Pr203 (1800K, | atrn, S1, a=1.0)
+ 0.10750 mol  (Y203)Zr0O2)2 (1800K, 1 atm, S1, a=1.0)
+ 0.09600 mol  NpO2 (1800K, | atm, S1, a=1.0)
+ 0.04578 mol  Cel8031 (1800K, | atm, S1, a=1.0)
+ 0.01911 mol  Nb205 (1800K. I atm. L1. a= 1.0)

Figure 8-2. Results from a typical Gibbs energy minimization calculation for a CANDU
fuel channel. The metallic elements are treated as an ideal liquid or at lower
temperatures as separate pure solid phases.

Highlighted in this calculation are the species that contain the noble metals. It can
be seen that for Mo, Pd, and Rh, 100% of their inventory are found in the vapour phase,
in which H,Mo0Q,, PdOH, Pd, and RhO, are the dominant noble metal containing species.
The Ru appears as a distinct solid phase as a consequence of the simplifying assumptions

to treat noble metal reaction products at the time the original computations were made.
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H, _ 100, and the & 107°, is

A reducing condition, where
H,0 (H,+H,0)

presented in Figure 8-3. The temperature is 1800K.

1014.5 UO, + 0.096 Np + 2.754 Pu + 0.824 Ce +0.215Y +0.138 Te + 0.332 La + 1.442 Zr
+0.389 Ba + 0.399 Ru + 1.150 Mo + 0.265 Pr + 0.421 Sr + 0.0385 I + 0.859 Nd + 0.043 Nb
+0.006 Sb + 0,745 Cs + 0.166 Rk + 0.346 Pd +0.025 Eu + 737.55H,0 + 73762.45H; =

Vapour Phase (Ideal Gas Mixture):

74514, mol ( 0.98992 H2
+ 0.97149E-02 H20 —13
-, 0.35435E-03 H Po, =2.75x10™"atm
+ 0.84649E-05 Cs
+ 0.18036E-05 Te
+ 0.76555E-06 RhO2
+ 0.67054E-06 CsOH
+ 0.57721E-06 Pd
~Total of 179 gas species~ (1800K, | atm, gas_ideal)
“Ideal Metallic Liquid™:
+ 0.28407 mol ( 0.45016 Ru
+ 0.38272 Rh
+ 0.12845 Mo
+ 0.21654E-01 Pd
+ 0.17008E-01 Nb

+ trace amounts of: Te, Sb, Ba, Pu, Cs, Pr, Eu, La, Zr, Ce, U, Nd, Y, Sr)
(1800K, | atm, liquid)

14 Distinct Solid and Liquid Phases (maximum of 22 is possible):

+ 1014.00000 mol  UO2 (1800K, | atm, S1, a= 1.0)
+ 2.75370mol  Pu02 (1800K, I atm, S1, a= 1.0)
+ 042908 mol  (Nd203XZr02)2 (1800K, 1 atm, S1, a= 1.0)
+ 0.42100 mol (StUO4) (1800K, 1 atm, S1, a= 1.0)
+ 041198 mol  Ce203 (1800K, 1 atm, S1, a= 1.0)
+ 0.36884 mol  (BaQ)ZrO2) (1800K, I amm, S1, a=1.0)
+ 0.22270mol  Mo5Ru3 (1800K, 1 atm, §1, a= 1.0)
+ 0.16444 mol L2203 (1800K, 1 atm, S, a= 1.0)
+ 0.13185mol  Pr203 (1800K, 1 atm, S1, a=1.0)
+ 0.10750mol  (Y203)(Zr02)2 (1800K, I atm, S1, a=1.0)
+ 0.10302mol Ru (1800K, 1 atm, S1, 2= 1.0)
+ 0.09855mol  UPd3 (1800K, 1 atm, S1, a= 1.0)
+ 0.09600mol  NpO2 (1800K, I atm, S1, a= 1.0)
+ 0.02624 mol  NbO2 (1800K. 1 atm, §3. a= 1.0}

Figure 8-3. Results from a Gibbs energy minimization calculation for a CANDU fuel
channel under reducing conditions. The metallic elements are treated as an ideal liquid.

For the reducing condition shown in Figure 8-3 the ideal metallic liquid phase
forms at 1593K (this calculation is not shown). It can also be seen that the partial oxygen
pressure for the reducing condition is 4 orders of magnitude lower than for the condition

shown in Figure 8-2.
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8.3.2 Calculations with the Improved Thermodynamic Treatment for the Noble Metals

The physical reality that is not well represented in the second assumption of the
FORM 2.0 calculations is addressed by the improved thermodynamic treatment for the
noble metals. A calculation similar to that in Figure 8-2 is shown in Figure 8-4. The

improved thermodynamic for the noble metals has been used. In this scenario, the ratio

of T2 was 1, and the ratio & was 107.
H,0 (H, +H,0)

The results in Figure 8-4 show that Mo is found in both the gas phase and the cph-
solid solution phase. The amount of Mo in the cph-solid solution was caiculated by
multiplying the total number of moles of the solid solution (i.e., 1.026 mols) by the
concentration of Mo in the solid solution, 0.11764. The product is 0.1207 mols.
Considering that the total inventory of Mo initially was 1.15 mols, the amount of Mo in
the solid solution represents 10.5% of the total inventory. The balance of the inventory
for Mo is contained in the gas phase. The amount of Mo in the gas phase was calculated
by multiplying the total number of moles of gas (74511 mols) by the sum of the
concentrations (or partial pressures) of each molybdenum bearing species. In this case
the dominant species for Mo is H;MoOs, for which p = 1.3625 x 10°. This represents
1.015 mols of Mo, or 88.3% of the total inventory. The balance of the Mo inventory,
=1.2% is also found in the gas phase as other Mo containing species, which were not

listed in Figure 8-4.

As was mentioned previously over 10% of the Mo was to be found in the cph-
solid solution along with the entire Ru inventory, and 1.78% of the Pd inventory. There

was also just over 0.1% of the Rh inventory in the cph-solid phase.
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1014.5 U0, +0.096 Np +2.754 Pu+0.824 Ce + 0215 Y + 0.138 Te + 0332 La + 1.442 Zr
+0.389 Ba + 0.899 Ru + 1.150 Mo +0.265 Pr + 0.421 Sr + 0.0385 I + 0.859 Nd + 0.043 Nb
+0.006 Sb +0.745 Cs + 0.166 Rk + 0.346 Pd +0.025 Eu + 37250H,0 + 37250H, =

Vapour Phase (Ideal Gas Mixture):

74511. mol ( 0.50005 H2
+ 0.49965 H20 S
+ 0.25184E-03 H Po, =2.85x107 atm
+ 0.16990E-04 OH
+ 0.13625E-04 H2Mo04 Apto wrs.Moy,) = 0-050
+ 0.83349E-05 CsOH
+ 0.50748E-05 Ba(OH)2
+ 0.30416E-05 PIOH
+ 0.22251E-05 RhO2
* 0.18223E-05 Te
+ 0.15195E-05 Pd
+ 0.34861E-13 Mo

~Total of 179 gas species~ (1800K, 1 atm, gas_ideal)
Solution Phase:
+1.0260 mol 0.87617 Ru

Note: Only one metallic

0.11764 Mo inclusion phase.

(

+

+ 0.59887E-02 Pd

+ 0.19904E-03 RK)
(1800K, 1 atm, cphsolid)

12 Distinct Solid and Liquid Phases (maximum of 22 is possible):

+ 1014.10000 mol  UO2 (1800K, 1 atm, S1, a= 1.0)
+ 275390 mol  PuO2 (1800K, 1 atm, S1, 2= 1.0)
+ 042589 mol  (N203XZr02)2 (1800K, 1 atm, S1, 2= 1.0)
+ 042100 mol  (StUOH) (1800K, 1 atm, S1, 2= 1.0)
+ 03752 mol  Zr02 (1800K, 1 atm, S2, a= 1.0)
+ 0.1589 mol  La203 (1800K, 1 atm, S1, 2= 1.0)
+ 0.13243mol  Pr203 (1800K, 1 atm, S, a= 1.0)
+ 0.10750 mol  (Y203}Zr02)2 (1800K, 1 atm, S1, 2= 1.0)
+ 0.09600 mol  NpO2 (1800K, 1 atm, S1, a= 1.0)
+ 0.04578 mol  Cel8031 (1800K, 1 atm, S1, a= 1.0)
+ 0.01911 mol  Nb205 (1800K. 1 atm. LI. a= 1.0}

Figure 8-4. Results from a Gibbs energy minimization calculation, which included the
improved thermodynamic model, for a CANDU fuel channel. Note the appearance of a
solid metallic phase.

The cph-solid that forms in Figure 8-4 remains stable up to 2335K (this
calculation is not shown), at which temperature it sublimes. It should be noted that the
partial pressure of oxygen is the same in this result, as it was for the calculation shown in
Figure 8-2. However, it is important to also note that because a solid phase containing
Mo forms it is possible to determine and speak meaningfully of the activity of Mo with

respect to solid Moy.. In this case the gy, is 0.050.
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The reducing calculation, similar to Figure 8-3, is shown in Figure 8-5. In this

scenario the 4, _ 100, and the —————C-S-——ﬂ- = 10?, and the temperature is [800K.
H.,0 (H,+H.,0)
1014.5 UQ; +0.096 Np +2.754 Pu + 0.824 Ce +0.215Y +0.138 Te +0.332 La + L. 442 Zr
+0.389Ba+ 0899 Ru+ 1.150 Mo +0.265 Pr+0.42] Sr+0.0385 1, +0.859 Nd + 0.043 Nb
+0.006 Sh +0.745 Cs + 0.166 Rh + 0.346 Pd +0.025 Eu + 737.55H,0 + 737623 45H; =
Vapour Phase (Ideal Gas Mixture):
74514. mol ( 0.98992 H2
+ 0.97157E-02 H20 T
+ 0.35435E-03 H Po, =2.75x10™"atm
+ 0.84648E-05 Cs 0.719
+ 0.18036E-05 Te =0.
+ 0.67059E-06 CsOH Ttotwre Moe)
+ 0.57725E-06 Pd
+ 0.79419E-07 RhO2
~Total of 179 gas species~ (1800K, | atm, gas_ideal)
Solution Phases:
+ 1.8383 mol ( 0.44915 Ru
+ 0.44722 Mo
* 0.83122E-01 Rh Note: Two metallic
+ 0.20510E-01 Pd) hases- und
(1800K, ! atm, cphsolid) phases- un e:i."?"re
+041993 mal  ( 0.78079 Mo reducing conditions.
+ 0.17468 Ru
+ 0.27253E-01 Pd
+ 0.17285E-01 Rh)
(1800K, | atm, beesolid)
12 Distinct Solid and Liquid Phases (maximum of 22 is passible):
+ 1014.00000 mol  UO2 (1800K, ! atm, S1, 2= 1.0)
+ 2.75370mol  PuO2 (1800K, t atm, S, a= 1.0)
+ 042908 mol  (Nd203XZrO2)2 (1800K, 1 atm, S1, a= [.0)
+ 0.42100mol  (SrUO4) (1800K, 1 atm, S1, 2= 1.0)
+ 041198 mol  Ce203 (1800K, 1 atm. S1, 3= 1.0)
+ 0.36884 mol  (BaOXZrO2) (1800K, 1 atm, S1,a=1.0)
+ 0.16444 mol La203 (1800K, | aum, S1,a=1L0)
+ 0.13185mol  Pr203 (1800K, 1 atm, S1, a= 1.0)
+ 0.10750 mal  (Y203XZrO2)2 (1800K, 1 atm, S1, a= 1.0}
+ 0.09600 mol  NpQ2 (I800K, I atm, S1,a= L.0)
+ 0.08422mol  UPd3 (1800K, I atm, S1, 2= 1.0)
+ 0.03107mal  NbO2 (180CK, 1 atm, 83, a= 1.0)

Figure 8-5. Results from a Gibbs energy minimization calculation, which included the

improved thermodynamic model, for a CANDU fuel channel under reducing conditions.

Note the appearance of two metallic phases under more highly reducing condition than
that shown in Figure 8-4.

The two solid solution phases shown in Figure 8-5 are predicted to coexist up to a
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temperature of 2224K, at which point the bce-solid disappears and a liquid solution
containing the noble metals appears, coexisting with cph-solid. The cph-solid finally

melts at 2266K. Note that these calculations are not shown.

In the case where the thermodynamic model for the noble metals was not used
(Figure 8-3) the rhodium release to the vapour phase was predicted as 34.5% of the total
inventory. However, for the second case where the model was used (Figure 8-5), only
3.6% (a full order of magnitude) of the rhodium inventory escapes to the vapour phase.
Furthermore, an ideal liquid phase is predicted under strongly reducing conditions when
not employing the alloy models developed in this research. This could have important
transport implications. When using the alloy models, the noble metals are, for the most

part, retained in solid solution form.

For the results shown in Figure 8-5, the activity of Mo with respect to solid Mopec
is 0.719. The partial pressure of oxygen was p, =2.75x10™ atm, the same as it was in

the resuits of Figure 8-3.

With the improved thermodynamic treatment, a realistic treatment of the noble
metals is provided. This treatment allows for a meaningful calculation of the activity of
Mo, present as a component in a solid phase or phases, with respect to pure bee-solid Mo.
This is important because previous experimentation has shown!'!! that molybdenum
oxidizes at oxygen potentials comparable to those of hyperstoichiometric UOz:. It has
also been proposed that by measuring the Mo content of the noble metal inclusions, a
measure of the local oxygen potential of the fuel can be made®®?. This was not possible

from the FORM 2.0 calculations.
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It can thus be seen that thermodynamic models for the alloy phases do make a
difference in terms of describing the equilibrium condition of the fuel after exposure to a
hydrogen-steam atmosphere. In the reducing condition, the Gibbs energy minimization
calculation that treats the metals as able to form an ideal liquid, has the Rh inventory in
the vapour phase over-predicted by an order of magnitude. However, by treating the
noble metals as able to form distinct non-ideal solution phases, a more realistic prediction
is made involving solid-solutions known to exist. The case of an atmosphere of equal
parts hydrogen gas and steam shows significant differences in the Mo inventory in the
vapour. Finally, the improved treatment better describes the behaviour of Mo in the solid
phase, which has implications in the cormrelation to the local oxygen potential in the

region near the fuel.

84 An Improved Method of Chemical Potentials

The Method of Chemical Potentials provides a straightforward methodology to
record previously computed partial pressures of every vapour species, by using a
mathematically derived expression for each of the computed partial pressures of the
elements. This is a generic solution and relies on representing faithfully the computed
partial pressures of each element. To complement the better treatment of the noble

metals, an improved method of chemical potentials (IMCP) is proposed.

One concern with the Method of Chemical Potentials is that for some of the
elements, the Gibbs energy minimization calculation determined that their vapour
pressures were extremely low (e.g., the non-volatiles®: Sr, Nd, La, Y, Zr). Furthermore,
during the release, these elements often combined with oxygen and hydrogen, and so the

dominant chemical form in the vapour phase was not an elemental monatomic or
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diatomic gas (e.g., CsOHyg, instead of Csg); Ba(OH),) instead of Bag); and RhOsg

instead of Rhyg), but an oxide, hydroxide, or hydnde.

These two factors can combine to introduce numerical imprecision into the
calculations. Small misrepresentations in the mathematically derived partial pressures of
a non-volatile element can be amplified by equation (8.6), especially if the compound is

relatively volatile in comparison to one of its constituent elements.

In the improved method instead of deriving an expression for the partial pressure
of the elements, an empirical representation for the partial pressure of the most dominant
species containing each of the 23 component elements is suggested. These expressions
can be manipulated in exactly the same manner as described in equations (8.3) through

(8.6).

For example, consider the scenario shown in Figure 8-4. The partial pressure of

H; and H,0 are nearly equal and relatively large, while the associated equilibrium partial

pressure of O, is 2.8530 x 10°. With the Improved Method of Chemical Potentials,

expressions for H; and H,O would be derived, as opposed to expressions for H; and O,.

The most dominant species containing Mo is H;MoQj (), for which the partial pressure,

in this example, is 1.3625 x 10°. In order to obtain the partial pressure of Moy, the
following equilibrium would be employed:

3H, + H,MoO, === Mo +4H,0 8.7

In a similar manner to that described for the Method of Chemical Potentials, the

partial pressure for Moy, is given by:

180



_(Pu) (Puw) __[ Giseo, *+3Gi, ~ oo =4Giso

P (Puo) xp[ RT ]

At 1800K, this expression will give py, = 3.4861 x 10* atm, which is identical to

(8.8)

that shown for py, in Figure 8-4. The value of py, can be also be compared to the value
that would be calculated for py, using the FORM 2.0 code!'®!. From the FORM 2.0
code!'®!, under the same postulated accident conditions, py, = 1.8695 x 10" atm. This
represents a full order of magnitude difference, and suggests that calculations for other

species, which are based on the partial pressure of molybdenum gas, would compound

this error.

When all the partial pressures of the elements have been determined in a similar
manner, the partial pressures of all other gaseous compounds can be computed using

equation (8.6).

There is one important consideration to the Improved Method of Chemical
Potentials. Because the dominant chemical species, which contains any particular
element, may change from reducing to oxidizing conditions, it is a matter of judgement to
decide which species will have partial pressures fit to mathematical expressions in

temperature.
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9. Conclusions

The thermodynamic behaviour of the five component Mo-Pd-Rh-Ru-Tc system,
the Noble Metals, in nuclear parlance, is now well understood. For this system, all ten of
the binary subsystems have now been thermodynamically modelled, with self-consistent
and complete mathematical expressions for all observed phases. These binary models,

have been combined into a quinary model, using the Kohler interpolation scheme with

departure terms.

For the first time the Mo-Ru system has been evaluated in conjunction with
thermodynamic implications, as have the four binary systems that contain technetium.

These evaluations contribute to part of the original content of this thesis.

For the first time the solidus-liquidus region of the Pd-Rh system has been
experimentally examined. Direct measurements of the solidus and liquidus confirmed the
predicted behaviour of positive deviations from ideality in the liquid and solid solutions.
This experimental contribution in the Pd-Rh system is another aspect of the original

content in this thesis.

Direct measurements of vapour pressures over noble metal alloys were made that
confirm that these alloys exhibit only small positive deviations from ideal behaviour. In
general, these measurements supported the quinary thermodynamic solution model. For

the first time, such a model exists. This too is original to this research.

With the thermodynamics of the noble metal alloys understood, it is possible to
incorporate the thermodynamic models for these alloy phases into Gibbs energy

minimization calculations to better predict the behaviour of nuclear fuel during a LOCA.
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10. Future Work

To balance the thermodynamic treatment of the noble metal alloy phases, it is felt
that future work in the analysis of the behaviour of fission products during loss-of-
coolant-accident should be directed towards other non-stoichiometric or solution phases
within the fuel. In particular, a similar study and assessment of the uranium-oxygen
system should be undertaken. Specifically, modelling the thermodynamic properties of
UO;.« would enable the effect that this solid solution phase has on the partial pressure of
O; (and by extension the H, and H,O pressures) to be predicted. Furthermore, the
modelling should allow for the dissolution of low concentrations of other fission products

into the parent UO,: phase.

Another consequence of having developed the thermodynamic model is that the
system containing the nuclear fuel can be extended. For example, it is known that the
hydrogen vapour to steam ratio is controlled by the Zircalloy cladding. By incorporating
the presence of the cladding into the calculation, better fission product release predictions
would be made. To do this would first entail modelling the Zr-Sn system (an original
thermodynamic evaluation of this system is included in Appendix E), followed by a

Gibbs energy minimization calculation for steam/cladding reactions.

Regardless of whether the Zircalloy cladding is included or not, further Gibbs
energy minimization calculations using the noble metal alloy model to predict fission
product release during loss-of-coolant-accidents should be performed. Furthermore,
these should be combined with the Improved Method of Chemical Potentials in an

updated version of the FORM 2.0""®! and the SOURCE 2 safety codes.
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Finally, the thermodynamic evaluations of all the technetium phase diagrams are
based on limited experimental results. While it is acknowledged that such experiments

are costly and complex, it would be of scientific interest to undertake limited validation.
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1. Imntroduction

Phase equilibrium in binary metallic systems has been extensively studied in
support of metallurgical engineering. The early work, a century or more ago, put
emphasis on such experimental methods as thermal analysis and metallography and
resulted in the landmark collection of phase diagrams by Hansen in 1936.!"! In the years
following, the greater range of superior experimental methods and a developing interest in
the underlying thermochemical principles of phase equilibria led to the international
metallic phase diagram evaluation programs®®! culminating in the volumes edited by
Massalski !

Phase equilibrium for a binary metallic system is usually represented on an isobaric
temperature-composition diagram. This very common selection of axes recognizes the
major variables of interest in metallurgical processing. Although it is most often
secondary to the intended use, these diagrams may be regarded as maps showing the phase
or phases that provide the lowest Gibbs energy at a particular temperature, pressure, and
compasition. In principle, the phase diagram may be developed from an independent
knowledge of the relative Gibbs energies for the various possible phases. Although this
has been recognized since the landmark paper of Gibbs!”, it is seldom a reliable practical
approach to phase diagram construction, since relatively small uncertainties in measured
Gibbs energy differences between components in the phases generate substantial

uncertainties in the placement of the phase boundaries.

The matters that make the computation of phase diagrams unreliable when based
on a variety of independent direct thermochemical measurements imply that
thermochemical properties can be quite well inferred from a phase diagram when the
underlying principles are applied. Indeed, the determination of any feature of a phase
diagram (by whatever method) constitutes a bona fide method to establish thermochemical
properties that are quite reliable. Therefore, compilations of assessed phase diagrams
constitute a rich source of thermochemical solution properties. The development of phase
diagrams from Gibbs energies may appear to have limited practical value. It may seem
that the exercise does little more than demonstrate that the features of the diagram are
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consistent with the constraints of thermodynamic principles — reassuring but not far
reaching. However, the process of critical analysis (modeliing) brings together in a self~
consistent way various kinds of independent thermochemical property measurements with
the phase diagram as the keystone. As a result, the analysis isolates improbable
measurements and places bounds on accuracy. Until the widespread use of advanced
computers, this approach was impractical, but in the past 25 years it has become well

recognized.

The solution properties inferred from phase diagram modelling are valuable in
other ways. For example, thermochemical data on the behaviour of a binary metallic
solution, when combined with other data, such as the Gibbs energy of formation of metal
oxides, may be useful in understanding equilibrium in a three component metal-metal-
oxygen system. Another example of interest is in the vacuum processing of alloys, where
a phase diagram showing the placement of the vapour field under reduced pressure can be
calculated. Furthermore, reasonable predictions of phase diagrams can be computed for
multi-element metallic systems based upon an understanding of the component binary
metallic systems. The predictions, at the very least, guide experimental investigations

toward regions of particular interest.



2. Solution Thermodynamics Relevant to Metallic Phase Diagram

Development

Since the principles of phase equilibrium computations are well covered elsewhere
(Darken'™, Oonk!™, Gaskelll"™, Lupis™'), only the cornerstone ideas will be highlighted
here. The underlying principle in extracting thermodynamic data from phase diagrams is
the equality of chemical potential or partial molar Gibbs energy for each of the
components in the coexisting phases. Therefore, for component A, distributed between
coexisting phases a and £

Gi=Ga (1)

With reference to Figure |, the partial molar Gibbs energy for component A in the

a phase, can be interpreted graphically as the intercept of a tangent to the Gibbs energy of

the a phase at the composition of interest.
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Figure L. Relationship of molar Gibbs energy of a solution to the partial molar
Gibbs energies and activities of the components.

The partial molar Gibbs energy must be expressed relative a standard condition of
concentration. For pure A4, the difference illustrated in Figure 1 can be related to the

activity of the component in solution « at the composition given by the point of tangency.
That is:

G.-Gs =RTna® @)
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where af is the activity at temperature 7.

The temperature-composition phase diagram for the Sn-Bi system is shown in

Figure 2.
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Figure 2. Isobaric Sn-Bi temperature—composition phase diagram.

A thermodynamic model for the Sn-Bi system!'? is given in Table 1.

Table 1. Gibbs Energy Data for Sn-Bi binary system.!"*!

1. Sn (Pure Component):
Gilad=tiewd) =0 J [ mol (Reference Phase)

Golmdtlhasan) = 7029 14+13.917T J/mol .

"~

Bi (Pure Component):
Gorad=bad) =0 J | mol (Reference Phase)

Glhid =) — _ 11296 8 +20.766T J /mol .
Gl man) = 4331 8 +20.766T J / mol

[F8]

Sn-rich tI4 solution (ce-solid phase):
For (1-x) 8,y +(%) Biy_ s =((1—%)Sn+(x) Bi)

AG =(1-x)RTIn(1-x)+(x)RTIn(x) J/mol

a-solid solution

4. Liquid Phase:
For (1-x) S +(x) Biy, ad =(([—x) Sn +(x)Bi)Lwdmﬂ_m
AG =(1-x) RT In{1-x)+(x) RT In(x) +(1-x)(x)(606 +194(1-x)) J/mol




Gibbs energy isotherms for all phases (liquid, Sn-rich solid solution (a), and
virtually pure solid Bi) are shown in Figure 3 at three temperatures. The hydrostatic
pressure is understood to be constant at 1 atm, although for practical purposes there is

little influence on the Gibbs energy of condensed phases for changes of a few

atmospheres.
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Figure 3. Gibbs energy Isotherms for Sn-Bi system.

At 473K it is possible to construct a common tangent between the Gibbs energy

isotherms for the Sn-rich solid solution phase and the liquid, o + L. In view of the
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significance of the tangent intercepts at the extremes of composition, this construction
satisfies the basic requirement of equation (1) for both components simultaneously.
Moreover, it is clear that no other phase between the points of tangency has a Gibbs
energy lower than a mixture of these two phases. This collection of ideas, leading to the
ends of the tie line (points 6 and 7) shown in Figure 2 at 473K, is termed the lowesr
common tangent construction. At 473K, when the overall Bi concentration is higher,
there is another pair of coexisting phases (points 8 and 9). The construction can still be
described as lowest common tangent if the point representing the Gibbs energy of pure
solid Bi is interpreted as the lower extremity of a “curve” which ascends sharply upward
near the right edge of the figure. This might be offered as a thermochemical explanation

of the negligible solubility of Sn in solid Bi.

At 412K, the temperature of the eutectic, the two common tangents are now
collinear. That is to say, one tangent touches ail three isotherms simultaneousty (points 3,
4, and 5). This situation typically arises only at one temperature or, in the language of the
Phase Rule, when the system is invariant. At 373K, there is only one common tangent
connecting virtually pure solid Bi to the Sn-rich «-solid solution (points | and 2). The
liquid phase isotherm does not cut this tangent and is, therefore, not as stable as the two
solid phase combination depicted on the phase diagram.

[t is useful to mention in connection with Figure 3 the concept of lattice stability

attributed to Kaufman!™!

, and with data compiled and reviewed by Dinsdale™ It might
not be possible to locate the Gibbs energy isotherm for the a-solid solution in an
experimental sense relative to the other phases for high concentrations of Bi. However,
the meaning of the Bi rich extreme of the isotherm is the Gibbs energy Bi would have if it
could exist in the a-phase (t14)'*! This lattice stability of Bi in the tI4 structure can be
expressed relative to Bi in its more stable rhombohedral structure (hR2)."*! [n Table I

this is treated as a constant; (—433 1.8—(-1 1296,8)) =6965J / mol .

Of course, when Gibbs energies ail phases are known as functions of temperature,
the enthalpy and entropy contributions to the Gibbs energy are, in effect, known as well.

This opens the possibility of calculating other phase diagrams for the same system using
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other co-ordinates. In Figure 4, the temperature, or thermal potential, axis in Figure 2 has
been replaced by the relative thermal energy or enthalpy change, with respect to a

mechanical mixture of the two pure solid components at 298K.
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Figure 4. Enthalpy-composition phase diagram for Sn-Bi.

This diagram not only connects phase equilibrium with scanning calorimetry but is
useful in a practical sense to understand thermal effects associated with solidification or
melting — a matter of interest for this particular alloy system in view of its use in lost core
moulding of hollow polymer components, which involves repetitive melting and

solidification.

Since, for the case of most metallic solution phases, the component atoms
interchange on lattice sites, the ideal Gibbs energy of mixing for a mole of solution

represented by:
XA(A)+XB(B)=(A—B)30M071 (3)
is given by:

AG=X,RTInX + X, RTIn X, 4)

a form used in Table 1 for the liquid and a-phases.
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The Gibbs energy provided by equation (4) is brought into agreement with
thermochemical measurements or phase diagram features by the addition of an excess
Gibbs term, G, that itself can be subdivided into an enthalpy and excess entropy

contribution:
GE = AH -TSE (5)

The simplest form is given by an empirical series, which is usually arranged as

follows:
G* =X, X,(a+bX,+cX;+...) (6)

For many systems G” is not very dependent on temperature, which implies that 5S¢
1s near zero, and the random atomic mixing assumption inherent in the form of equation
(4) provides a close approximation to the actual entropy of mixing. [n this case, the
excess Gibbs energy is numerically equivalent to the enthalpy of mixing. When G is
temperature dependent each coefficient in equation (6) may be expressed by an expansion

in T; usually linear is sufficient.

To complete the mathematical positioning of a Gibbs energy isotherm, for example
the liquid phase in Figure 3, the ends of the curve at each extreme of composition must be
located. This may be done by arbitrarily selecting a reference phase for each component
(the phases need not be the same) and expressing the ends of the isotherm with respect to
these selections. For the Sn-Bi system shown in Table [, the point of reference for each

component is the pure liquid.

Figure 5 shows the phase diagram for Mg-Si. Five phases are involved, of which
two are solution phases. All of the numerical data to establish the relative placement of
the Gibbs energy curves consistent with Figure 5 is given in Table 2. This provides the

basis for constructing the Gibbs energy isotherms in Figure 6 at [300K.
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Figure 5. Computed binary phase diagram for the Mg-Si system using the data in
Table 2. The pressure is 1 atm.

Table 2. Gibbs energy data used in the construction of Figures S through 8.

1. Mg (Pure Component):
G 4bmd) =0 J/mol  (Reference Phase)

Gy % = 8479 +9.186T J /mol
Gy o) = 127847 -93.476T + RTIn(P) J/mol

Mg

9

Si (Pure Component):

Gyl =bew =0 J/mol  (Reference Phase)

Golbupud =Sl = _50212+29.80T J/ mol
Gahiad=rorn = 384540 -109.613T + RTIn(P) J/mol

Mg,Si (Intermetallic Compound, G):
For %A/[g[.lqmd + I?Sif_lquuf = l3AJg"_"S"':S'alid
AG =-211373+1096.87 -133.427TInT J/mol,

L)

4. Vapour Phase:
For (1=X)Mg,pue pamy + (¥) Sk e pocmy :((l-x)Mg+(x)Si)
AG =(1-x)RTIn(1-x}+(x)RTn(x) J/mol,

( gaseous solunton, Patm)

w

Liquid Phase:
For (1= X) Mg, s + (%) Sipg =({1 - x) Mg +(x) Si)
AG =(1-x)RTIn(1-x)+(x}RT In(x)
+(1-x)(x)(-26751-70.809T) + (1~ x) ()" (74838) J/mol.

Liquid solunon
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Figure 6. Gibbs energy isotherms for the Mg-Si system at 1300K. The effect of
pressure reduction on the placement of the vapour phase isotherm is shown in b).

By applying the lowest common tangent construction it is seen that Figure 5 and
Figure 6a are self-consistent at this temperature. As for Table 1, the data in Table 2 may
be regarded as a formal way of storing the phase diagram, or as thermodynamic data
useful for other purposes. Consider the development of the temperature-composition
diagram at a constant pressure of 0.05 atm. The isotherm for the vapour phase in Figure
6b is lowered by RTIn P and the lowest common tangent construction is repeated. The

resulting phase diagram is shown in Figure 7.
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Figure 7. Computed binary phase diagram for the Mg-Si system using the data in
Table 2. The pressure is 0.05 atm.
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The ability to rapidly compute the diagram at various pressures naturally leads to

an isothermal /og P-composition diagram, shown in Figure 8 at 1300K.
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Figure 8. Computed isothermal pressure versus composition phase diagram for the
Mg-Si system using the data in Table 2. The temperature is 1300K.

The data in Table 2 are reasonably reliable insofar as relative Gibbs energies are
concerned. The computed diagram, in which the eutectic compositions and temperatures
are well represented, is evidence. However, the enthalpy and entropy changes inferred
from the Gibbs energies are less reliable. For example, the constant preceding the TInT
term in the Gibbs energy for the formation of Mg,Si implies a large difference in the heat
capacities between the product and reactants associated with the formation of Mg,Si.
Further, the magnitude of the temperature dependence in the Gibbs energy of mixing of
the liquid phase implies a large departure from random atom mixing. This underlines the

need to couple phase diagram modelling to experimental measurement.
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3. Experimental Methods

A very wide variety of experimental techniques bear upon the study of phase
equilibrium in metal systems. [t is typical of a great fraction of the experimental work
reported that specialized equipment, unique to the ailoy under study, has been custom
assembled for a particular purpose. A catalogue of specific techniques would, therefore,
imply a degree of experimental standardization and off the shelf equipment that does not
exist. The approach here will be to broadly classify the main techniques used, with
reference to binary systems, although all of the techniques can apply to multi-component
systems. The selection of a particular technique is usually dictated by heating
requirements, available materials of construction, and the chemical reactivity or volatility
of component efements. Materials of construction pose a major problem and, if this
matter is not a part of the experimental plan from the outset, the containment materials

may become inadvertent minor components of the system under study.

3.1 Microscopic Phase Examination

The detection of phases by microscopic means for alloys of known composition
and thermal history is a cornerstone in the development of metallic phase diagrams. By
working backwards with the computational ideas discussed in the previous section,

thermodynamic information of the phases can be deduced.

Optical microscopic methods for metals are based on the reflection of light from
polished and etched metal surfaces."®! To determine the liquidus and solidus, an alloy is
heated (annealed) in a protective atmosphere at a known temperature. A rapid quench

follows which freezes in the microstructure at that temperature.l'’!

By examining the
microstructure, the number and identity of the phases present at temperature can be
determined ""* An example of a typical optical micrograph for a Mo-Rh alloy is shown in
Figure 9" Several days or even weeks of annealing may be required to reach equilibrium
depending on the temperature. Alloys with an increasing fraction of a second element are
examined and the composition when a second phase appears at a particular temperature is

noted. The relative mass or atomic fraction of the phases can be obtained from the

A-13



observed phase fractions, which in turn can be related to a tie line on the phase diagram.

-t 3

Figure 9. Mo-30 atomic% Rh alloy quenched from the condition identified in
Figure 10, at a temperature just above the eutectic in the two phase field (a + lig).
The dark regions are the Mo-rich phase (¢-Mo), surrounded by the two phase
mixture associated with the eutectic solidification of the liquid phase. Sample was
etched in solutions diluted from a stock solution of: 9g NaOH, 2.5g K;Fe(CN)s, and
380g H,0. Magnification is 200X.""!

By plotting the phase assemblages determined by microscopy at each alloy
composition against temperature, a general indication of the phase diagram is obtained.
The example for the molybdenum-rhodium system is shown in Figure 10."®! Note that the
relative proportions of «—Mo and transformed liquid phase (from Figure 9) are consistent

with the lever rule construction in Figure 10.

A-14



VEMPIAATURS * C

[] [ -
AnOOIUM, ATOMIC PR CENT

Figure 10. A partial phase diagram for Mo-Rh as determined by metallography.
Note the pcint (as circled) for the Mo-30 atomic% Rh alloy depicted in Figure 9.
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A superior method, in principle, is hot stage microscopy where the phases can be
directly observed at temperature in a vacuum or protective atmosphere. This approach
does not depend on interpretational matters that arise when phase transformations occur

during quenching, but is otherwise similar to the venerable annealing-quenching technique.

For the scanning electron microscope (SEM) or electron probe microanalyser
{EPMA), an electron beam interacts with the atoms in the sample, and X-rays are emitted
that are characteristic of the elements present. These X-rays are detected and analysed
using energy dispersive (EDS) or wave-length dispersive spectrometers (WDS). SEMs
are routinely coupled to an EDS system for concurrent chemical analysis. For
microchemical analysis in metallurgical work, an EPMA has one or more wavelength
dispersive spectrometers (WDS) attached. The SEM and EPMA instruments make use of
the same physical principles, but the emphasis is different. The SEM is an imaging device;
EPMA a chemical analysis tool. As such with an EPMA, the instrument is designed to
control the position of the electron beam which must be held stationary for long pericds of
time, tightly aimed, and focussed. Detailed information on these techniques and their
applications can be found in Scanning Electron Microscopy™™!, the ASM Handbooks™ !,
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and in ASTM Standard E-1508-98 %! The relative merits of the WDS, sometimes called
a crystal dispersive spectrometer, over the EDS is that the WDS has a higher resolution of
the X-ray spectrum and better detection limits of trace elements, but this comes at the cost

of increased data collection times. The impact of these differences is well discussed by
Lifshin. !

in the study of phase equilibrium, the main advantage of an SEM/EDS system is
the capability to provide relatively rapid compositional information, that can be used to
locate the ends of tie-lines. Routinely, images are collected that indicate the distribution of
specific elements. This requires some capability of the SEM to hold the electron beam at a
specific location for a pre-set time, similar to the EPMA. As the EDS system acquires the
entire spectrum, as opposed to the WDS which scans only the wavelengths of interest,

data collection for the EDS system is relatively rapid.

Advances in SEM/EDS have resulted in better and faster means of determining the
composition of the phases. In particular, the advances in detector technology, digital
pulse processing, and computer storage have expanded the utility of energy-dispersive
spectrometry.”! Older detection systems are restricted to detecting aluminum and heavier
elements. Detector construction and the development of atmospheric thin windows have
improved the detectability of light elements, such as carbon and oxygen, to the point
where they can be detected reliably and their proportions derived. Present day systems
can detect elements as light as beryllium. Of particular note are the advances in low
voltage electron microscopy, which prevents charge build-up on the sample. Thus
conductive coatings are not required and a better EDS analysis is obtained for light

elements.

The transmission electron microscope (TEM) is an extremely valuable tool in
examining precipitates on the order of a few hundred nanometers. Although it is primarily
used for the investigation of sub-micron features of microstructures, the TEM has also
been used to provide information relating to the placement of phase boundaries for

21

metallic systems.”" In a TEM, an electron beam is passed through a thin section of

material. Similar to the SEM or EPMA, the X-rays emitted can be analysed with a EDS
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or WDS system to give the composition of the phase examined. An electron diffraction

pattern is also obtained concurrently, giving the structure of the phase.
3.2 X-ray Diffraction

Since the first structure determination by W.L. Bragg in 1912%%°!, X-ray diffraction
has been used to characterise the arrangement of atoms.”” Metallic phases and their
crystal structures have been so extensively studied that the method is now used to identify
phases and is primarily used as a complement to metallographic or microscopic

[28} and

27

techniques. X-ray powder diffractometry has been reviewed in great detail recently

[29-31]

application to metallurgy can be found in general texts and in specific publications.!

Construction of phase diagrams from X-ray data exploits the fact that there is a
continuous change in the lattice parameter with changing proportions of atoms of different
size. Typically, alloy specimens equilibrated at high temperature are quenched to room
temperature to preserve the equilibrium. For a continuous solid solution, such as Co-Ni
alloys, the lattice parameter varies nearly linearly with composition (Vegard’s law). This

variation is shown for the Co-Ni system in Figure 11.%
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Figure 11. Lattice parameter of Co-Ni alloys at room temperature.”
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Where there are two phases possible at a particular temperature, there is an arrest
in the lattice parameter variation with composition and diffraction peaks associated with a

second phase begin to appear. This is evident for the Ni-Ti system shown in Figure 12.5%
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The discontinuity identifies the phase boundary or solid solubility at 1023K.
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Figure 12. Lattice parameter of Ni-Ti alloys, nickel rich region at 1023K.”!

For comparison purposes, the Ni-Ti phase diagram'® is shown in Figure 13, with

the point on the phase boundary determined in Figure 12 circled.
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Figure 13. The Ni-Ti phase diagram.'! The circled point on the lower right relates

to the discontinuity shown in Figure 12.

Approximate relative proportions of the phases in the powder, usually accurate to

a few percent, can be determined by intensity variation. To do so requires that standards
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of known proportions be prepared and used to create a calibration plot. Relative
proportions can also be determined by Rietveld refinement, which is growing in
popularity.¥*! This technique originally grew out of the analysis of neutron diffraction
patterns and has been applied to X-ray diffraction patterns. The interpretational software
requires some knowledge of the space group, and atomic positions within the unit cell.
This is generaily not a problem for metallic systems. One recent application has been to
quantitatively determine the mass fraction and mean size evolution of the &’ precipitates in
an Al-Li alloy.™! The software is freely available™ and guidelines for the Rietveld

refinement have been published recently.*®!

3.3 EmfCells

Generally speaking, this approach provides the relative partial molar Gibbs energy
of one component in the system as a voltage measured under open circuit conditions."*
The experimental program must first demonstrate reproducibility in the measured
potentials following a disturbance, such as the momentary passage of a small current or
excursion in temperature. By gathering sufficient information on the compositional
dependence of one component over the extremes of composition change, the Gibbs-
Duhem equation may be integrated to determine the relative partial molar Gibbs energy of

the other component and the Gibbs energy of mixing, depicted in Figure 1.

Consider a binary system M-N in which M is the more easily oxidized element. An

electrochemical concentration cell may be constructed of the type:
- MMTIM-N + 0
The electrolyte containing the M ™ ion must be suitably conductive and non-volatile
at the temperature of interest. Typically, a molten salt mixture is employed to provide a
suitably low eutectic.**** The diluent saits for the A~ ion must be sufficiently stable so
that there is no chemical exchange with the alloying elements. The reversible open circuit

cell voltage £ gives the relative partial Gibbs energy of M by:

AGy =-z3E (8)

where J is the Faraday constant.
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To permit measurements at higher temperatures, where even a molten electrolyte
may be too volatile, a solid electrolyte may be empioyed. In this technique, a metal/metal
oxide equilibrium may be used to establish an oxygen partial pressure in the half-cells.
The difference in the effective oxygen partial pressure on either side of the solid O*
conducting electroiyte generates an emf that can be related to the activity of the metal

component under study in the alloy phase.

To take the case of palladium-rhodium alloys, the thermodynamic properties have
been measured between 950K and 1350K."®! The galvanic cell, shown in Figure 14, is

schematically represented by:

- Rh,RhLOJI Y,0,-2r0, |Pd,_Rh , R1O, + C)]
(P;)' " solid aade decralye (Pc:):

where the oxygen partial pressure at each electrode is controlled by:

2Rh+30, == Rh,0, (10)

Pyrex helt

De Khotinaky
W-Glass cement
seals

— Vacuum

F

pe———— Cugriz tube

Single bore
" aluming tubes

Pt~3C% Rh<

(Y204)42r0;
leads

|~~~ Pd_,Rhx*+Rhy05

Alumina 2, Z - Riv+ R0y

crucible — |

Figure 14. Schematic diagram of a galvanic cell.™

The results take the form of plots of £ (in volts) versus temperature for each alloy

composition, as shown in Figure 15.
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Figure 15. Sample set of results for emf measurements for Pd-Rh alloys."™!

The emf, corresponding to the virtual oxygen transfer, reaction (11), is given by

equation (12):

Oz(auay-nd. 2 4_3>O'-'(plmfﬂh-.nd¢!) (11)
_ P
E= ﬂln (_‘_’l (12)
43 (PO: )‘r

Combining the previous concepts, the activity of the rhodium (ags) is directly

related to the emf by equation (13)F*):

-33E=AGw =RTIna,, (13)
From the temperature dependence of the activity, the partial enthalpy and entropy for Rh
can be computed. By using the Gibbs-Duhem equation, the corresponding properties for
Pd can be derived. This leads to a thermodynamic model describing the solution
behaviour of the solid in the Pd-Rh system, in the range of temperatures where continuous
solid solutions can be expected, as shown in Figure 16% The form of the equation is
similar to that shown in Table 1 for the liquid phase of the Sn-Bi system (small positive

deviations from ideal behaviour).
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Figure 16. Pd-Rh phase diagram.™

Gibbs energy isotherms for the Pd-Rh system at 1000K and 1300K are shown in
Figure 17. Notice that in Figure 17a), the miscibility gap depicted on the phase diagram is

defined by the common tangent to the cF4-phase.
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Figure 17. Gibbs Energy Isotherms for the Pd-Rh System at 1000K and 1300K.
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3.4 Vapour Pressure Techniques

Vapour pressure measurements provide another way of measuring a relative partial
molar Gibbs energy. Since the temperatures involved in most metal system investigations
are relatively high and the partial pressure of the most volatile component is typically low,

it s quite appropriate to employ ideal gas behaviour in the following way:

AG =G -G/ =RTln|i§}=RTln[ai] (14)

This experimental approach of gathering Gibbs energy data is limited to systems
where there is only one component that is a substantial contributor to the vapour phase
and also when the molecular weight of the volatile species is not in question. Fortunately

for most metals, the dominant vapour species is usually monatomic.

In the transpiration or transport technique, an inert gas is passed through or over a
condensed sample such that the partial pressure of the vapour is taken to be in equilibrium
with the condensed phase.***”! The mass transport is monitored through the weight loss
of the condensed phase or through the weight gain of a cold finger or trap that is
positioned downstream. The vapour species are condensed and analysed with a suitable
technique. A simple transpiration apparatus is presented at Figure 18." Such an
apparatus would be used for the determination of the vapour pressures of solids. Care
must be taken to ensure that the flow of the carrier gas is slow enough for equilibrium to
be reached but also fast enough to render insignificant any diffusion of the vapour
downstream to the cold trap. Material depletion is another factor: material evaporated

from the condensed system must not affect the overall composition to a significant extent.

CONDENSED
INLET QUTLET SYSTEM

CARRIER
GAS SOURCE=——— 7

. J/ )

SATURAT [ON
CHAMBER

GETTER ROD

Figure 18. Simple high temperature transpiration apparatus, after Norman and
Winchell.*"

In principle the transpiration technique could be applied to the Mg-Si system
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mentioned in Section 2. The measurements for a particular composition and temperature
would give, in effect, a point on the vapour phase boundary in Figure 7. The collection of
sufficient data of this type yields the relative partial molar Gibbs energy of Mg in the liquid
phase as a function of temperature. By the application of the Gibbs-Duhem equation, the
corresponding relative partial molar Gibbs energy for Si could be derived. The Gibbs
energy of mixing could then be found, which becomes the basis for the computation of the

phase diagram for Mg-Si, by the lowest common tangent methodology.

The modern embodiment of vapour pressure methods employs superior detection
systems. One such arrangement, appropriate to systems with quite low volatility, for
example Pd-Rh, is shown in Figure 19."! A Knudsen cell made of inert material encloses
the alloy under study. The effusing vapour is detected by mass spectrometric means.

. Sapphire Window

lonization Gauge Shutter
=
IR

Quadrupole Mass Spectrometer i
1 0'Pa on

Souree|
L | *Mﬂss Spectrometer Shutter
Bottom Aperture
Diffusion ey e Top Aperture
Pump | = Faraday C.
Knudsen Cell. .j aracay Lage
,\\ L] [ m
M :._A -
4+ 10’10 (0°Pa || .
] l . Shutter
Cooled Shicid (Z %\ Cold Cathode Gauge
J "

t |
v v
to Induction Heater

Figure 19. Mass Spectrometer/Knudsen Cell apparatus.

The signal provides a partial pressure for each isotope of Pd, the more volatile
element. The relative isotopic abundance of vapour species is used to refine the
computation of the total partial pressure expressed in equation (14) as P,. Typical data for
a Pd-Rh alloy is shown in Figure 20 for both pure Pd and an alloy.®®! The displacement of
the two lines provides a measurement of the activity of Pd in the alloy. In this case, it is

slightly greater than the atomic fraction of Pd in the condensed phase.
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Figure 20. Typical partial pressure data for a 52 at.%Pd-48 at.% Rh alloy.*

When the volatility is much higher, continuous recording thermogravimetric
(TGA) means could be employed in the detection system. Vapour effusing from the hot
Knudsen cell. swept away by an inert carrier gas, condenses in a cold trap downstream.
The mass loss from a chamber (in which saturation must be demonstrated) provides the

partial pressure using classical effusion equations.
3.5 Thermal Methods

In the simplest embodiment of this technique, the temperature is continuously
recorded during slow heating or cooling. Phase changes that take place alter the rate of
temperature change with time due to the heat effects associated with the transformation.
The most effective use of this technique is the study of liquid-solid transformation since

the phase transformations are generally not sluggish in metallic systems.

A variation on this technique is differential thermal analysis (DTA) in which two
thermocouples are used. One is placed in a non-transforming reference material and the
other in the system under study. A spike occurs in the temperature difference when a
transformation is encountered. An example of the application of DTA. is shown in Figure

21 for a Pd-Rh alloy."®!
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Figure 21. A typical DTA curve for an 80 at.% Pd- 20 at.% Rh alloy. The
extrapolated onset indicates that the solidus temperature is 1868K.™

Thermal analysis techniques put emphasis on the temperature at which a
transformation commences, since the temperature at which a transformation concludes
may not be reliably detected. For example, the solidus in a cooling binary metal system is
usually effected by segregation associated with the slow diffusion of the components in the
crystallizing solid. An advancement on DTA is the quantification of the thermal effect

associated with the peak height/area, which leads to scanning calorimetry.
3.6 Scanning Calorimetry

There are the two principal types of differential scanning calorimeters (DSC).
Boersma*”! introduced the heat flux DSC in 1955, and Watson and O’Neill***" developed
the Power Compensation DSC in 1963. With these two techniques it is possible to make
quantitative measurements of the transformation energy, which had not been possible with
traditional DTA.® In the heat flux method, the heat of tranformation is detected as a
temperature difference with respect to an adjacent reference material.*” In the power
compensating method, the power required to keep the sample and the reference material at

the same temperature is recorded.”™"!
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A typical result for a Sn-Bi alloy is shown in Figure 22. It can be seen from this
figure that the onset of transformation temperature is calculated as 412K. This

corresponds to the eutectic temperature in Figure 215

0.5
412K
004 — T8 88kg
—= T
[ /
145011:\\#‘
g 251 458K
liquidus
£
$ .o
-5
413K
20 T b —
50 100 150 Foel 250 koo vy

Tesmperature (*C}
Figure 22. DSC heating profile for a 20at.%Bi in Sn alloy. The eutectic
temperature, determined by the extrapolated onset, is 412K; and the liquidus
temperature is 458K.1!

Table 3 summarizes the experimental work!™! for several additional compositions
of Sn-Bi alloys. For the process of raising the temperature from 373K to 483K, with all
accompanying phase changes, a measured AH is recorded in Table 3. This can be
compared to the calculated AH, determined from Figure 4. The difference in the values is
typical of the precision that may be expected from scanning calorimetry as it applies to

alloy transformations that involve melting.

Table 3. Thermal effects for fusion of Sn-Bi Alloys.

Xsi Measured AH Calculated AH Difference
(J/mol) (J/mol) (J/mol) %
0.197 10103 10496 -393.1 -3.75
0.312 10890 11074 -1843 -1.66
0.390 11846 11455 391.7 342
0.475 11623 11863 -240.0 -2.02

The liquidus temperatures were determined from the return to baseline, as marked
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in Figure 22. These are shown in Table 4 and compared with modelled temperatures from

Figure 2.
Table 4. Liquidus Temperatures for the Sn-Bi Alloys.
Xsi Observed Modelled
Liquidus Liquidus
(K) (K)
0.197 458 463
0312 430 438
0.390 425 421
0.475 423 424

Heating rates affect the results obtained using scanning calorimetry to a limited

degree. An indication of this is shown in Table §

Table 5. Effect of Heating Rate on Observed Parameters for Sample 3 (Xg = 0.39)

Heating Rate Observed Observed
Eutectic  Liquidus

C°/min (K) (K)
10 412.6 425.2
2 412.6 424.1
0.5 412.5 423.7

Figure 23 shows a series of representative DSC curves for various alloy
compositions in a more complex binary system.**! At compositions indicated by 1, 2, and
3 (pure B; compound D with a congruent melting temperature; and the eutectic
composition, respectively), the curves have very sharp peaks, indicating a temperature
invariant phase change. However, alloys 4 to 8 have melting ranges as indicated on the
phase diagram. For alloys 4 to 7, the eutectic and peritectic temperatures correspond to
the extrapolated onset of the sharp peak, but the heating curve does not return almost
immediately to the baseline, which is similar to the behaviour shown in Figure 22. In the
cases where the cooling path only passes through one region of solid plus liquid (alloys 4,
6, and 7) the DSC curve moves towards a second extreme value, which corresponds to
the liquidus temperature. For curve 5, the eutectic and peritectic temperatures are

indicated by sharp peaks, and the liquidus by the final peak.
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Figure 23. The A-B phase diagram, showing representative DSC curves for various
alloy compositions, indicated by the dashed lines.”™!

Alloy 8 in Figure 23 has a path that does not cross a eutectic or peritectic tie line.
Instead, the solidus is determined by where the extrapolated onset occurs for the larger
peak, with the liquidus occurring at the peak extremity, similar to that of Figure 21. The
temperature of the solvus is approximately indicated by the bump in the DSC curve at the
lower temperature, however, the heat effect here is rather smail and difficult to resolve.
X-ray diffraction (Section 3.2) would be better suited to determining the placement of this

phase boundary.
3.7 Calorimetric Methods

Although enthalpies of formation and heat capacity do not deal directly with the
subject matter of this review, these data do bear upon phase transformations since they

contribute to the development of Gibbs energy equations (e.g., Mg,Si in Table 2).

The calorimetric techniques applied to metallurgy are well reviewed in Materials

Thermochemistry.**! Practical considerations in reaction calorimetry are well reviewed in

Chapter 3A of Physicochemical Measurements in Metals Research.””! With respect to

solution calorimetry, the TUPAC has recently published a book by that title which
describes the various techniques now commonplace today. In particular, Chapter 6 of

Solution Calorimetry®™' gives an excellent review of this technique as applied to

metallurgical systems.
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4. Multi-Component Systems

Phase equilibium in systems of contemporary commercial interest almost
invariably involve more than two components. Experimental studies, based upon methods
outlined in the previous sections, are being guided to a considerable degree, by predictive
methods based upon the substantial body of thermodynamic data collected over the past

25 years.[*"]

Two types of multi-component systems may be distinguished; those
involving a solvent element with several dilute solutes, and those covering the extremes of

composition for all components.

When there is a dominant metal component, the simplifications associated with
dilute solution thermodynamics may be applied. There are many systems of commercial
interest that fall into this category. Principally, a knowledge of the Hennan activity
coefficient for each solute and its variation with temperature is required. [n many cases, it
is sufficient to treat the activity coefficients as independent of composition within the
limited range of concentration for those dilute solutes and to ignore, as an initial

approximation, the effect of one solute on the activity coefficient of another.

Consider the case of a lead battery electrode alloy containing small concentrations
of Ca, Sn, and Ag. The activity of Ca dissolved in Pb can be found by formulating the
solubility product from the Gibbs energy of formation of CaPbs;, via reaction (i5), and
using a portion of the binary Pb-Ca phase diagram, shown in Figure 24.5°%%!

Ca+3Pb—=CaPb, (15)
400
S 1 ) s [
S 30 ] 9945 9953 gger i
S ..\\
2 250 4 \ -
Z AN
<
g 200 1 \»;.-. -
5
f= 150 | — PresentWork S -
------- Itidn and Alcock (1992) [58] '\
+  Dam from Vigdoovich (1959) [59] 4
10011 & Dun from Schumacher 1930) [60] 8T
it
50 —~

99.3 99.4 99.5 9_9.6 99.7 99.8 999 [00.0
Atomic Percent Lead Pb

Figure 24. The Ca-Pb phase diagram, enlarged at the Pb-rich side.
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Taking the activity of Pb in the lead rich phase to be the atom fraction, the activity

coefficient of Ca can be found for alloys saturated with CaPbs, using equation (16).

AG*' =RTIn[X,,|+RTla[yc, |+ RTIn[X,, | (16)

The Henrian activity may be found, broadly speaking, in a similar manner for the
other solutes. The phase equilibrium involving the possible coexistence of the lead-rich
solid solution with intermetailic phase(s) can now be calculated. Figure 25 depicts the
compositions of all the possible intermetallic phases involving the four elements in

question.

15 Intermetallic
Compounds

Pb 0.2 0.4~ 06 08 Sn
Mass Fraction Sp—

Figure 25. The Pb-Sn-Ca-Ag quaternary system.
With the Gibbs energy of formation for these nearly stoichiometric phases, there is
sufficient data to develop the phase diagram in the lead-rich corner by Gibbs energy

minimization methods incorporated into computational software.®"! The estimated phase

equilibrium is depicted in Figure 26 for 523K.
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Figure 26. Ternary slices from Pb-Sn-Ca-Ag quaternary, at constant levels of Ag.

It is also possible to compute, for a series of temperatures, the most stable phase
assemblages and identify the critical temperatures associated with the appearance of new
phases. These results are organized in Table 6, with the asterisks indicating the critical
temperature for the appearance of a new phase. This information, made possible by
bringing together a variety of experimental measurements, modelling the binary phase
diagrams to rationalize those data, and using modern computational tools, is revealing in
terms of the genesis of phases. [n particular, it is important to know from which phase
(solid or liquid) a particular intermetallic precipitate first appears. This effects the

metallurgical microstructure with a consequent impact on mechanical properties.

A-32



Table 6. The mass percentages of the various phases for the slow cooling of a Pb
alloy with 600 ppm Ca, 6000 ppm Sn, and 500 ppm Ag,

Temperature Liquid CaSn; Solid AgsSn
(K) Solution Solution
773.0 100
727.0 100 *
599.5 99.475 0.525 *
589.7 0 0.564 99.436
534.0 0 0.592 99.408 *
473.0 0 0.593 99.365 0.042

When the phase equilibrium is to be developed for a system where dilute solution
simplifications do not apply, interpolation methods may be used to estimate Gibbs energies
based upon experimental studies for the binary metal combinations. Consider the case of

Mo-Pd-Rh-Ru alloys. This system is encountered as metallic inclusions in spent nuclear

[62] (63]

Y

fuel. The Kohler interpolation scheme™, which will here suffice to represent others

proportionally weights, from each binary system, the contribution of the thermodynamic
property of interest, as given in equation (17).

Gi=(-X, )V Gf + (1-X,)’GF + (1-X,)* GF (17)

This is illustrated in Figure 27, where the Gibbs energy of mixing at point p, is

estimated from the known Gibbs energy of mixing at points a, b, and ¢, which are found

by extending line segments from each of the comers on the ternary diagram, to the

X
C,
b
Y a Z

Figure 27. Representation of Kohler Interpolation; the property (GF) at p may be
estimated from a knowledge of properties at compositions a, b, and ¢.[**!

opposite binary system.
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The form of the interpolation scheme for the excess Gibbs energy is consistent
with regular solution behaviour of each component dissolved in a solvent involving a fixed
proportion of the other two components. This methodology has been found suitable in
many cases as a predictive approach to provide ternary and multi-component excess
solution property estimates when no experimental data exists. As experimental data is
gathered for the multi-component system, departure terms may be added to the basic
interpolation. These terms (usually only 1 or 2 are necessary or justified) take the form of
products of all mole fractions raised to different powers times a temperature dependent
coefficient. The correction terms vanish in the binary subsystems. Figure 28 shows the
phase equilibrium for the ternary faces of the quaternary alloy at 2000K computed using
this interpolation method.® The phase boundaries for the Pd-Rh binary alloy may be

compared with the binary diagram in Figure 6.

Mo
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Figure 28. Four ternary diagrams for the Mo-Pd-Rh-Ru System at 2000K.'!
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5. Conclusion

Phase equilibrium expressed using temperature-composition binary phase diagrams
has long been recognized as central to metallurgical processing. For the greater part of
the last century, the development of these diagrams was almost exclusively undertaken as
an experimental activity involving the substantiai use of microscopy, X-ray diffraction, and
thermal analysis. The widespread use of computers in the past 25 years awakened a more
fundamental understanding of the thermodynamic principles of phase diagram construction
that was dormant for a century. This has enabled experimental measurements of
thermodynamic solution properties to contribute in greater measure to phase diagram
development and assist in major international assessment programs leading to
comprehensive compilations. This modelling/assessment process not only gives assurance
that the phase diagram is self-consistent and respects underlying principles, but also
provides a degree of confidence in extrapolating to conditions of temperature, pressure, or
composition that may be difficult to study experimentally. Furthermore, phase equilibrium
information, stored as self-consistent equations for the thermochemical properties of the
phases, permits diagrams with unconventional axes to be rapidly developed for special
applications. With the addition of interpolation equations to forecast multi-component
solution behaviour from the binary sub-systems, likely phase diagrams for systems with
many components can now be calculated to help focus future time-consuming

experimental effort.
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APPENDIX B - SELECTED TERNARY PHASE DIAGRAMS FROM LITERATURE

For comparison purposes, ternary phase diagrams proposed by other researchers

are shown here. Figure B-1 shows Mo-Pd-Rh at 1973K, by Paschoal et al.!'l

Rh
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Figure B-1. Mo-Pd-Rh from Paschoal et al.'!. The temperature is 1973K.

The ternary diagram for Pd-Rh-Ru at 1973K, by Paschoai et al.['! is shown in

Figure B-2.

Figure B-2. Pd-Rh-Ru from Paschoal et al.'l. The temperature is 1973K.
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The ternary diagram for Mo-Rh-Ru at 1973K, by Paschoal et al.!'! is presented in

Figure B-3.

Figure B-3. Mo-Rh-Ru from Paschoal et al.!"l. The temperature is 1973K.

The ternary diagram for Mo-Pd-Ru at 1973K. by Paschoal et al.!'l is presented in

Figure B-4.
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Figure B-4. Mo-Pd-Ru from Paschoal et al.!'.. The temperature is 1973K.
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The ternary diagram for Mo-Pd-Rh experimentally determined by Giirler and

Pratt?!, is shown in Figure B-5.
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Figure B-5. Mo-Pd-Rh from Giirler and Pratt®. The temperature is 1373K.
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APPENDIX C - RESULTS FROM DTA EXPERIMENTS

The complete set of resuits for the differential thermal analysis measurements of

Pd-Rh alloys is presented here.
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Figure C-1. DTA results for Sample A- Pure Pd.
The average melting temperature is 1827.1K.
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The average solidus temperature is 1895K. The average liquidus temperature is 1911K.
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APPENDIX D - DATA FROM KNUDSEN CELL/MASS SPECTROMETER WORK

The complete set of results for Samples 2-8 is presented here in tabular form.
Note that the intensity, measured in counts, was derived from the maximum peak height
in a lamu band of the spectrum centred around the amu number for the isotope of

interest. The results for Samples 2-8 are shown in Table D-1 through Table D-7.

Table D-1. Intensity (peak maximum) data for Sample 2.

Temperature

(K) lﬂZPd I(HPd 105Pd lOGPd lﬂBPd llDPd

1741 100 200 300 400 500 200
1799 300 200 700 900 800 300
1850 200 600 1200 900 1100 400
1893 200 800 2100 2000 1900 300
1922 200 1300 3000 2700 3200 1000
1933 300 1400 2600 3100 2700 1500
1982 300 2700 3700 4800 4100 2200
2015 300 2700 3100 6300 3900 3200
2031 500 4100 6900 7000 7200 3200

Table D-2. Intensity (peak maximum) data for Sample 3.
Temperature

(K) 102py pg 105py 106p 4 108p 4 10py

1638 100 400 800 600 500 400
1730 200 700 1100 1300 1200 900
1803 200 900 2600 3400 2800 1500
1838 200 3000 4400 4700 5000 2000
1369 700 4000 3000 9300 8400 3200
190t 700 7100 L3100 14000 15000 6900
1929 1400 10100 20600 23500 23000 10200




Table D-3. Intensity (peak maximum) data for Sample 4.

Temperature

K) 102p 14py 105p 4 106py 108p 4 10py

1715 500 1000 1100 900 300 400
1737 300 1000 1200 1100 1300 700
1757 300 800 1400 1300 1400 700
1779 200 1600 1600 1800 1400 900
1802 200 1400 2000 2400 2100 1100
1824 300 1500 2200 3100 2400 1000
1844 200 2200 2800 3100 3200 1600
1861 400 2200 3200 3700 2900 1400
1883 500 3000 4000 3800 3700 2000
1910 200 4600 4800 4600 4200 1700

Table D-4. Intensity (peak maximum) data for Sample 5.

Temperature

(K) IOZPd ll)-lPd lOSPd IOGPd lOSPd llUPd

1684 200 800 900 1200 700 900
1703 100 1100 1200 1100 1000 500
1723 100 1400 1800 1100 1300 600
1743 200 1400 1500 2100 1800 300
1759 300 1400 2700 3000 2400 1700
1786 400 2300 3200 2900 3100 1400
1812 400 2600 3700 3800 3800 1700
1837 400 3000 4700 5000 3800 2300
1858 400 4300 6000 5800 6200 2400
1874 400 3800 3900 6100 6000 2400




Table D-5. Intensity (peak maximum) data for Sample 6.

Temperature

(K) l()ZPd lﬂ-lPd lOSPd lOGPd lﬂBPd llOPd

1661 100 600 300 300 300 200
1686 100 500 400 500 400 300
1705 100 700 500 400 600 400
1734 100 800 900 800 600 200
1760 300 700 1000 700 700 300
1787 100 1000 1600 1300 1400 600
1813 200 1500 2300 2200 1500 1100
1833 100 1800 2200 2400 1600 300
1833 100 2200 2800 3000 3200 1300
1875 400 2300 3900 3600 2800 1900

Table D-6. Intensity (peak maximum) data for Sample 7.

Temperature
(K) lOZPd ll)-lPd lUSPd lUGPd IIJSPd llOPd
1793 100 700 500 700 300 360
1827 100 700 900 1200 1200 500
1857 160 800 1100 2100 1300 700
1886 200 1200 2000 1600 1700 800
1916 200 1000 2300 2100 2800 1300
1944 200 1500 2300 2700 2800 140G
1962 200 1800 2300 2700 2600 1400

Table D-7. Intensity (peak maximum) data for Sample 8.

Temperature
(K) lOZPd lU-IPd ll)SPd IUGPd lUSPd ll(lPd
1687 100 600 400 700 600 400
1713 100 500 900 700 400 300
1738 100 700 1200 300 800 400
1761 200 700 1100 1300 [300 400
1782 100 1000 1600 1500 1700 800
1806 100 1300 1700 1800 2000 1100
1829 100 1700 1800 2400 1900 900
1850 300 2800 2600 3400 3000 1100
1869 400 1900 3500 4000 3300 1400
1892 300 2600 4900 4500 4000 1300
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APPENDIX E - ORIGINAL EVALUATION OF ZR-SN PHASE DIAGRAM

The cladding reaction with H,O to generate a steam-hydrogen gas mixture is
almost as important as the reaction of the gas mixture with the fuel in the totality of a
fission product release code. Unfortunately, a thermodynamic mode! for the Zirconium-
Tin binary system, that is consistent with the latest phase diagram, does not exist!'.

Therefore a modelling of the Zr-Sn phase diagram was undertaken, the results of which

are shown in Figure E-1.
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Figure E-L. The Evaluated Zr-Sn equilibrium phase diagram.

For the pure components, the following Gibbs energy expressions were used:

GyLamd=Lasd 0 J/mol (reference phase) (E-1)
Ghamd=a-seld) = 94967 +13.384T J/mol (E.2)



G(pami~f-sid) = 30950 +9.84ST (E.3)

G obiaud~tiaid) = 0 J/ mol (reference phase) (E.4)
G b sse-Salid) - _7029.1+13.917T J/mol (E.5)

Glliad—a-Zreohd) = 4578.69~13.917T J/mol (hypothetical transition)  (E.6)

Gyhmd—a=aroldy = _4620.44+13.9177 J/mol (hypothetical transition)  (E.7)

The excess properties of mixing for the solution phases in the Zr-Sn system are:

AGE s = X0 X g, [-120920+75658.X,,] J/mol (E.8)
AGE ,, = X, X, [-80170] J/mol (for Xs, <0.1) (E.9)
AG;.,, = X5, X, [-63000-30.08T] J/mol (for Xsq <0.2) (E.10)

For the Zr4Sn, ZrsSnz, and ZrSn,, the Gibbs energy expressions used were:

AG,, 5, =-41940+10.1T J/mol (per )5 mol of Zr,Sn) (E.11)
AGy, s, =—56737+10T J/mol (per )¢ mol of ZrsSny) (E.12)
AUy, =-33951.4+7T J/mol (per 4 mol of ZrsSn;) (E.13)

Note that equations (E.11), (E.12), and (E.13) refer to zirconium and tin in their

liquid states (i.e, Zrgiq and Snug). These equations were derived in a manner that

provided peritectoid reactions at 1600K and 1255K, and a peritectic reaction at 1416K.

A detailed view of the Zr-rich side of the diagram is shown in Figure E-2.
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Figure E-2. A detailed section of the Zr-Sn phase diagram at the Zr-rich side.

For comparison the Zr-Sn phase diagram from the assessment of Abriata et allllis
shown in Figure E-3. It can be seen that the agreement along the B-Zr solvus is within
the experimental uncertainty of +0.3at.%Sn at the ends of the lowest tie line (i.e.,1255K
or 982°C). and within the scatter of the experimental data for the tie lines at higher

temperatures, where the data is scarce.
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Figure E-3. The Zr-Sn phase diagram at the Zr-rich side.

Because this system describes the principal components of Zircalloy, the solution
properties that have been determined for o-Zr and B-Zr can now be used to perform a

Gibbs energy minimization calculation for Zircalloy reacting with water.

Zircalloy + H,0—~<=222= products + H,, (E.14)
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