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Abstract 

Metai aiioy inclusions comprised of Mo, Pd, Rh, Ru, and Tc (the so-called 

"noble" metais) develop in CANDU fuel pellets as a result of fission. The 

themochemical 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 thermodynarnic 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 seIf-consistent Gibbs energies of 

formation for the MoSRu3 intermeiallic phase, and two intemediate phases in the Mo-Tc 

system. The resulting collection of properties, when treated by Gibbs energy 

rninimization, permit5 phase equilibria to be computed for specified temperatures and 

compositions. 

Experimental work in support of this treatment has been perfonned. 

Measurements of the solidus and liquidus temperatures for Pd-Rh alioys were made using 

differentiai thermal anaiysis. Thae measurements c o n h n  that the liquid solution 

exhibits positive deviation h m  RaouIt's law. Experimentai work as a visiting research 

engineer at AECL (ChaIk River) was perfonned using a custom developed Knudsen 

ceWmass spectrometer. The Pd partial pressure was measured above multi-component 

alloys of known composition over a range of temperatures. These are correlated to 



predicted activities of Pd fiom the developed thermodynamic mode1 in the multi- 

component alloy. 

ïhe 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 alIoy treatment. An originai 

method of compressing voluminous data generated by extensive calculations (as 

undertaken previously by the author involving an ideal alloy model) is outlined. This 

technique pemits the output fiom 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 NucIear Safety Commission (CNSC), formerly the Atomic Energy 

Control Board (AECB), has developed guidelines that regulate the design and operation 

of ail CANDU* reactors in Canada One of the principd areas of concem for the CNSC 

is safety, a relatively broad topic that includes design of systems to ensure reliabiliry, 

redundaucy, testability, and independence. in assessing safety, the main objective is to 

minimize nsk- the product of probability and consequence, 

Operational "abnomai" events may be classified in three categories: those of 

moderate frequency; those of low probabiliS; and those of very Iow probability. Events 

of moderate ûequency may arise Erom operational practice but have minimal 

consequence and ihus low nsk. The events of low probability generally result h m  

mechanicd failure or human error, but because of the design criteria only result in srnall, 

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 (e-g., 

flooding, severe accidents, earthquakes, spent-fuel handling accidents, and loss-of- 

coolant accidents). It is this find class of accidents that is important in reactor safety 

analysis, and for the purpose of this work the principal concern is loss-of-coolant 

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

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

review sorne of the pruiciples behhd reactors and reactor safety and the implications 

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

ramifications as to the nature of the LOCA. 

Nuclear reactors generate heat as a resuit of nuclear fission within the fuel, which 

is generally composed of pellets of U02. Exceptions are UC2 which is used in High 

Temperature Reactors (HTR), %Or in depleted U02 in liquid-metal or gas-cooled fast 

breeder reactors ( L m R  and GCFBR), and U metal in the Magnox reactor (MgM alloy 

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

the fuel, the only usefùl naturally fissile isotope of uranium is !lu, which has an 

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

9 s  ,U + in + ~ f i a ~ m e n t s + x ( ~ n ) + i r m t  (1-1) 

where n represents a neutron, and r can have a value of 2 or 3[11. 

The neutrons produced in (1.1) are considered to be "fast" neutrons since they 

have energies of approximately 190 x 106 Id/mol, and these neutrons are inefficient at 

sustainhg the fission ceaction, especially when compared to "slow" or b'thermal" 

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

themselves in ternis of deveIoping and maintainhg a chain reaction: 

1. hcrease the hction of EU in the fuel (i-e., fuel enrichment); 

2. Slow d o m  the "fast" neutrons (Le., moderate the fuel), to promote the chah 
reaction. 

The Amexican and French (and ohers) have developed pressurized-water reactors 

(Pm) and boihg-water reactors (BWR) which operate with enriched U& hel, (i-e., 

fuel with 2-3% ZU). 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% EU. However, a 

special moderator is required and Da (so caiied heavy water') is used for this purpose. 

The use of D20 as a moderator highlights another difference between the CANDU 

reactor and the PWR and BWR, which use H20 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 s tem generator where the 

heat is extracted by boiling natural water in a separate system. The stem created here, 

drives the turbines, producing electricity and then is recycled back to the s t em generator- 

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

Pressurized-water and boiling-water reactors use naturai 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 s tem 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 These fragments are termed fission products and their inveutory 

increases in a predictable manner over the service lifetime of the fuel. The ORIGEN2 

code['] has been developed to detemine 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 y:U: the 

Deutmîurn (D) is an isotope of hydrogm It has a nucleus of 1 neutron and 1 proton, rmlike hydrogen 
tbat bas ody a single proton as its nucleus. Deuteriimi bas a naturai abundance of 0 . 0 1 ~ 6 % ~ ~ .  

3 



generation of heat, which ultimately boils water to provide electncai 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. 

1.1.1 Loss-of-Coolant-Accidents 

A rhematic diagram of a typicai CANDU reactor  stem'^' is shown in Figure 

1-1. The worst potentiai 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 cwled and an accident would have commenced. 

Main Steam Pipes - 
Ressurizer 
Steam Generators 
Heat Transport Pumps 
Headers 

Calandria Fuel 
UVW Light Water Stem 

Light Water Condcnsaie 
Moderator Rmip 
Moderator Heat Exchanger Hcavy Water Coolant - 
Fueliing Machines Heavy Water Moderator 

Figure 1-1. The CANDU reactor ~~stern[~', showing the postulated break in the reactor 
inlet header* which Ieads to the beginning of a LOCA. 



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 intraduced into the system. This water, as it cornes into 

contact with the hot fuel, c m  rapidly vaporize and in the process provide a vehicle for 

transporthg chernical species fiom the heI. The s t e m  also interacts exothermically with 

the Zircdloy cladding to yield hydrogen, a reaction that will detemine the type of 

atmosphere (Le., reducing or less oxidizing) which will M e r  affect interactions with 

the ibel. 

As the temperature in the fuel increases, fission products within the fhel may be 

removed h m  the surface layers of the fiel, because the ternperahire provides a second 

driving force for diffusion of chernicd species within the fuel kom the central region 

(hi& concentration) to the perimeter region (lower concentration). 

A M e r  complication arises due to the nature of the reactivity within the 

reactor/fuel system. From reaction (14, it was seen that one neutron is required to 

initiate the radioactive decay of ZU , but in the process 2 to 3 neutrons (on average) are 

released. The multipIication factor, k, is related to the number of neutrons boni in one 

generation, as a result of each neutron in the previous generation being absorbed. Thus, 

when k = 1, every neutron absorbed m previous genmtion results in one new neutron in 

the next generation. In ternis of neutrons, this represents a steady state condition, and the 

reactor is said to have gone aiticai. 

The fiactional departure of a system h m  criticaIity, or  the reactivity of a system, 

is defined by equation (1.2). where k is dehed a b ~ v e ~ ~ ~ :  



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

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

both positive or negative, k is always positive. 

The coefficient of reactivity, a~,,d, is defhed by equation (1.3). 

Q T ~  =a, +% + ffd, (1.3) 

dp , the void coefficient, .r represents where aT = -, the temperature coefficient; a, = - 
dT dr 

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

coeffi~ient[~) that would be considered in a thorough analysis. 

Differentiating equation (1.2) with respect to temperature gives, 

and since k a 1, kZ a k, therefore, the folIowing is reasonably valid: 

The implications of equations (1.2), (13), 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  a" were the onIy goveming constraint. During normal or stable operation the 

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

dk 
ar were positive, and the temperature in the reactor fficreased slightiy, since - > O ,  k 

dT 

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

would increase the power generated. If more power were generated, a M e r  
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temperature increase wodd be caused and this escalating cycle would continue until 

either the core melted or outside intervention occurred. On the other haud, if the 

temperature in the reactor initiaily decreased slightly, a downward cycle wodd occur and 

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

The situation is much improved if is negative. in this case, an increase in the 

temperature results in a decrease in k, and the power generated draps. This provides a 

selfçorrecting mechanism and the reactor returns to its original state. The same is bue 

for a decrease in temperature. Commercially operated power reactots must have a 

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

A similar analysis c m  be extended to the void coefficient, a~. Voids develop 

around the fuel at places where the îiquid boils. This situation arises for either a liquid 

moderated (CANDU) or iiquid cooled (PWR) reactor. Unlike the pnssurized-water 

reactor, in the CANDU (and Russian RBMK*) system, cw is positive, which means that 

as the void fiaction increases the reactivïty increase, and the power generated increases, 

causing more iiquid to boil. This in tum incmses the void fiaction, and the system 

would become unstable, if, and only if, the void coefficient were the only variable that 

confrols afiral- 

Fortunately, this is not the situation. III the CANDU reactor, because av is 

positive, a7 is negative, and this counteracts the a~ tem. 

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

RBMK is an acronym for "Reaktory Bolshoi Mostichnosti KanaIynyeW. These reactors are aIso tetmed 
LWGR- that is graphite moderated with boiling tight water cwlant 
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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 wiil exert a tendency to increase the reactivity 

of the system, and also the power generated, which if unchecked or unbaianced by the 

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

1.1.2 Classijkation of Fission Producîs 

Prussin et ai.[61 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. inermoble gases- Xe and Kr; 

2. Volatiles- 1, Br, Cs, Rb, Te, Se, and Sb 

3. Nonvolatiles (Not-so-volatile)- Ba, Sr, Mo, Tc, 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. 

~ l e ~ k a m p ' ' ~ ~  and others[Io1 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 1; 

2. Fission products foming metaiiic precipitates- Mo, Tc, 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 classincation scheme proposed by Kieykamp 

places some elements (e.g., Mo and Nb) in more than one category. This is due to the 
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fact that transitions fiom one group to the next are based on solubility Iimits of the given 

fission products and also to changes in the chernical potential of oxygen during hel  burn 

1.1.3 The Role of the "Noble MetalsJJ as Fission h d u c t s  

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 17-9.1 1 1 classified them as 

elements that fonn metallic precipitates. Both these classification schemes suggest that 

instead of foming chernical species that readity escape fiom fuel during an accident, they 

instead fonn metallic inclusions within the heI. 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 Releose Models 

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

Figure 1-2. 

BuUc Gas 

--  - gm s n m  
- HZO 

ZicalIoy Cladding b 

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 internipted, 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 Zircdoy would result in the production of zirconia and 

hydrogen gas, as shown in reaction (1.6). 

r 
'qiolid) + 'HZ'{wptu) -'ZrO~(~~,id) +2H~(Mpour) (1 4 

As the hydrogen and steam gas mixture passes dong 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 buik gas is given by 

equation (1.7)[l2]: 

Ri =S-NA -&(xi - ~ ) a t o m s l s  (1-7) 

where S represents the exposed surface area of the fuel rod; NA represents Avagadro's 

number; y, represents the number of atoms per molecule of fission product i; k;- represents 

the mass transport coefficient of fission product i; X;: represents the mole fiaction of 

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

in the bulk gas Stream (genemiiy = 0 ). 

For species i at the d a c e  of the fuel rod, the mole hction is: 

Pi xi=- (1.8) 
Pm 

where pi represents the partial p r e m  of species i, and p,, represents the totaI system 

pressure. 



It c m  be seen that this is a complex problem, which c m  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 transportai 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 andlor other 

elements, and the implications that this has on retease 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 h t  and third employ pnnciples of mass 

transport and mas  kinetics. The second probIem 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 ofthe 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[121. 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 

ttansported from the fuel, with calculations that established the chemical speciation 

f13-161 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 falis short are çubjected to fürther review and revision. For the prelirninary 

analytical model the iollowing assurnptions were made: 



2. Al1 metallic liquids form an ided metallic liquid solution, if they form a 
- solution phase at dl, therefore aichMid) - ; 

3. Al1 solids (Le., intermetallics, oxides, and spinels) are treated as pure separate 
phases; and if&oiid = I the solid foms, but if&oiid < 1 the solid does ûot fom. 

The first assumption is reasonable, since the system pressures that are being 

considered are not extreme nor justiQ 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 

f h t  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 iiquid and solid 

phases. In particular, attention was pIaced on the noble metals, Mo-Pd-Rh-Ru-Tc, which 

are known to fonn wbite inclusions withia 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 h t  objective of this research is to develop a complete thermodynarnic model 

for the Mo-Pd-Rh-Ru-Tc Quinary system. Chapter 2 introduces the reader to the five 

nobIe metals and provides a summary of thmodynamic and physical data that has been 

pubiished in the literature. Since these five elements represent the components of the 

Mo-Pd-Rh-Ru-Tc Quinary system, it is essential that a consistent foundation be 

estabiished (e-g., selecting a melting temperature for each elernent) before the 

thermodynamic model of the quinary system be constructed. The second tier of the 



model, comprishg models for the ten binary systems', is presented in Chapter 3. The 

complete model for the muiti-cornponent system is assembled in Chapter 4. 

The second objective is to validate the thermodynamic model with experimental 

data that is either seif-generated or available in the literanire. In Chapter 4 comparison 

of the cornpletc model to the limited data available in the Literature is made. The 

experimental procedure is outlined in Cbapter 6, using techniques explained in detail in 

Chapter 5. The expenmental 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 caiculations. Chapter 8 details how the thennodynarnic 

model, previously developed, is used to calculate fission product equihibrium 

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 (Le., the systems Mo-Pd, Mo-Rh, Pd-& Pd-Ru, and Rh-Ru). However, 

for one of these five systems, namely palladium-rhodium (Pd-Rh), experimental work at 

the solidus-liquîdus boundary has not previously been performed. 

Furthemore, in order to provide a complete themodynamic model for systems 

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

For a five component system there are =10 ternary, and =5 quateniary sub- 

systems. 
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remaining five binary systems (i.e., the systems: Mo-Ru, Mo-Tc, Pd-Tc, Rh-Tc, and Ru- 

Tc). This original modehg  is outlined in Chapter 3, dong with al1 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 deparhire terms was used to provide a five component model for the 

noble metals. These models are also original to this research. These modeIs 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-Experirnental Results and 

Discussion. 

Finally, the model derived for the noble metal alloys is incorporated into the 

Fission Product Release ModeI. 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 prograrnrlq, which incorporates other data for hydrogen 

and oxygen containing species (nearly five hundred). The results of these computatioos 

are captured using a numerical technique developed specifically for this project. The 

Gibbs energy computations involving the noble metal alloy model fiom this research are 

in this way accessible to a generalized fission product release program, the Fuel 

Oxidation Release Mode1 (FORM 2.0)["l. 



2. The Noble Metals 

2.1 Preiiminary 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[lgl, the majority have not, and lately there has been 

[20-241 a movement towards adopting standard values , and maintainhg a strict formalism 

(e.g., expressing the heat capacity, Cp, as: Cp = a + bT + CT-' + d ~ '  ). 

In order to develop a quinary mode1 that predicts the behaviour of alloys that 

comprise the five elements, Mo, Pd, Rh, Ru, and Tc, it is essential that stmdard vaIues, 

such as melting and boiling temperatures, be defked. The following chapter dehes  the 

heat capacity, h-,, , &,,, and transition temperatures for al1 phases 00th reai and 

hypothetical) of each element, Crystal structure, isotopic abundance, and ionization 

cross-section data for each element are aiso 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 Tc 

2.2.1 Heat Capacity 

Linear regression was pedonned on the heat capacity, Cp, data iÏom the literature 

for al1 five elements (MO["~, pdLnl, ~ h [ " ~ ~ l ,   RU[^'^^, and  TC^^^^) in the soiid phase to 

obtain an expression of the fonn C,, = a + bT + cr' +dT2, 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 
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temperature. The filled symbols represent the values fiom the Facility for the Analysis of 

Chernical Thermodynamics (FACT) database["], while the lines represent the regession 

data. For ai i  the elements, except technetium, there is reasonable agreement. 

Figure 2-1. 
symbols are 

60 60 

Mo 
55 -- Pd .-- 55 

35 -- 

O 500 1ûûû 1500 2000 2500 3000 

Temperature (K) 
Cp data for the condensed forms of Mo, Pd, Rh, Ru, and Tc. The 
the measured data as reported in the FACT database[lq, while the 

represent the fit data. 

filled 
: lines 

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

for the temperature range 298-3000K. 



Table 2-1. Ce data for Mo, Pd, Rh, Ru, and Tc in the condensed phases. 

C, = a + b ~ + c ~ - ' + d T Z  (Jlmol-K) 
Element a bxle c ddo6 T m  (K) TM, (K) 1 

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

determineci by fitting Cp data fiom the l i t e r a t ~ r e [ ~ ~ ~ ~ ~ ~ ~ .  

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

2.2.2 C'sîal Strucîures, Transinon Temperrrirrres, Enthalpies, and Entropies 

The five elements can be classi6ed 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 allotropie behaviour 

at atmospheric pressure. 

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

Atomic Stable Atomic Lattîce Parameters 
Mass Densi? Crystal Radius at 273K 

Element (amu) ( g m i  Structure (nm) (nni) References 

in order to maintain a consistent set of data, melting and boiling temperatures for 

each of the elements were chosen that agreed with values publisbed in the Journal of 

Phme ~ ~ u i l i b r i a ~ ~ ~  and the Binary Alloy Phase ~ i a e r a m s [ ~ ~ ~ .  The melting and boiling 

temperatures iÏom these sources are presented in Table 2-4, dong with the corresponding 

uncertainties. For comparison the values in the FACT["~ database are also presented 

here. The uncertainty of the boiliug 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 fiom the FACT database. 

The melting temperature for rutheniun given in the FACT database was 2523K, which is 

considerably lower than the selected vdue of 2607K The melting temperature for 

technetium was 4K lower in the FACT database[lq than the selected value of 2 4 7 X  h m  

the Binary Alkiv Phase ~ i a g ~ i ~ ~ [ ~ ' ~ ,  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 cornparison of the transition temperatures h m  FACT[" I t h  those of the 
present work. 

FACT Uncertainty Present Work Uncertainty 
Element Transformation (K) CK) (K) (K) 

Mo Melting 2896 I8 2896 A8 
Mo Vaporization 4957 not reportai 4919 not reported 
Pd Melting 1825 *3 1827 j=3 
Pd Vaporization 3385 not reported 3237 not reported 
Rh Melting 2233 k3 2236 *3 
Rh Vaporizatioo 4230 not reported 3 970 not reported 
Ru Melting 2523 k10 2607 k10 
Ru ~a~orizat ion 4606 not reported 4423 not reported 
Tc Melting 2473 I50 2477 *50 
Tc ~a~orizat ion 5584 not reported 4538 not reported 

The enthaipies 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 

enthaipy and entropy show are for the stable crystai structure, as noted. The entropy at 

298% qg8, was adopted fiom the FACT databas&". For convenience, the melting and 

vaporization temperatures (TM and TV) are also provided. 



Table 2-5. Standard Enthalpy and Entropy of Fonnation (at 298K) data for the elements 
Mo, Pd, Rh, Ru, and Tc. 

Transformation Temperature 
AfGll q 9 8  

Temperature Range 

Elernent (Jhol) (Jlmol-K) (KI (K) Ref. 

Mo(W O 28.62 TM= 2896 198-3000 K 28,29 
M'ha 41403 42.90 TV= 4919 298-3000 K 28,29 
Mo(w 738347 227.84 298-5000 K 28,29 
pd(r==) O 37.82 TM = 1827 298-3000 K 22,24,28 
PdW 16480 46.84 TV= 3237 298-3237 K 28,30 
P b )  381565 168.94 298-600 K 28,30 
P d w  378970 161.36 600-2700 K 28,30 
Pdm) 346872 128.1 1 2700-5000 K 28,30 
RhW O 31S1 TM = 2236 298-3000 K 24,28 
R b @  26568 43.39 TV = 3970 298-3000 K 28,30 
Rhemsl 555 125 186.93 298-3970 K 28,30 

R"(W) O 28.53 TM = 2607 298-3000 K 24,28 
RUCI@ 38589 43.34 TV = 4423 298-3000 K 28,30 

In order to mode[ the ten binary systems, ten ternary systems, five quaternary 

systems, and one quinary system, that can be constmcted fiom these five elements, it was 

necessary to consider hypotheticd cryçtal structures (e.g., Mo as fcc or cph). Then 

reasonabie, yet still hypothetical, enthalpies of melting and conespunding transformation 

temperatures, were assigned, since these are required for the Gibbs energy of muUng 

expression for a particdar phase (e-g., fcc-soiid). The procedure for this is outlined in 

Section 3.1. Table 2-6 shows the themodynamic data for each of the four eIemenîs, 



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 faceçentred cubic, body-centred cubic, 

and tetragond structures were assumed in a manner consistent with the values of the 

dose-packed structure, and in the absence of data to the contrary, chosen to facilitate the 

assemblage of the binary phase diagrams of technetiurn. 

2.2.3 Phase Diagrams for the Elements 

Phase min MM TM Reference 

Because some of the experimentai work îhat was performed for this project used a 

Knudsen cell coupled to a mus spectrometer to measure vapour pressures on the order of 

loJ to IO-'' atm, it was important to understand the dationship between temperature and 

31,32 
3 1,32 
3 1,32 

3 1,33-35 
3 1,34,35 

3 1 

32-34 
32,34 

32 

34 
34,35 

35 

22,28 

Mo @cc) 
Mo (fcc) 

Mo @ph) 
Pd (fcc) 

Pd @Ph) 
Pd (bcc) 

Rh (~cc) 

Rh @Ph) 
Rh (w 
Ru (c~h) 
Ru (fcc) 
Ru @cc) 

Tc 
Tc (fcc) 
Tc @cc) 
Tc (tetra) 

41403 14.30 2896.0 
26203 14.93 1755.5 
29853 14.30 2088.1 

16480 9.02 1827.1 
12300 14.88 826.6 
12300 12.37 994.3 

26568 11.88 2236.4 
25910 12.51 2071.1 
19664 16.27 1208.6 

38589 14.80 2607.1 
21019 8.94 2350.6 
30420 12.51 243 1.7 

33290 13.44 2477.0 
30000 14.00 2142.9 
28000 12.00 2333.3 
20000 13.50 1481.5 



vapour pressure for the five elements. From Figure 2-2 it cm be seen that palladium is 

the most volatile, followed by rhodium, rutheniun, technetiurn, and molybdenum in that 

order. 

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

Tc, 

Table 2-7 çummarizes the triple point temperatures and conespondhg pressures 

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

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

Triple Point Temperature Pressure at Triple Point 
Element KI (atm) 

L 

Mo 2896 2.972 x IO-' 
Pd 1827 3.782 x IO** 
Rb 2236 6.957 x 10" 
Ru 2607 9.275 x 1 0 ~  
Tc 2477 1.832 x 10" 



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 weii as their ionization cross-section. Of the 

26 isotopes for molybdenum listed in the CRC Handbook of Chemistry and ~ h ~ s i c s ~ ~ ~  

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 naturally occurring isotopesP61. 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 ~ u [ ~ ~ ~ .  

Isotope Mo Pd Rh Ru 
(am@ (%) (%) (=a ('w 

92 14.84 - - - 
94 9.25 -- - - 
95 15.92 - - - 
96 16.68 - - 5.53 

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 is presented in Table 2-9. The 

maximum ionization cross-section for argon at 32eV was reported as 2.83 x 10-l6 cm2 in 

the ~ i t e ra tu re~~~.  

Table 2-9. Data for the maximum ionization cross-section of the noble met al^^^^^. 
L 

Element Ionization CrossSection 
(cm2) at 32eV 

2.4 Technetium 

For the present work, technetium provided a special challenge. The most stable 

isotope 9 9 ~ c ,  is not readily available commerciaily and the radioactive nature of Tc, 

especially 99'Tc, which has a half-life of 6.01 hoursi'l, rnakes experinental work 

involving Tc difficult at best and generally hazardous to the extent that apparatus can 

become radioactively contaminatek Because of the safety hazards posed by Tc, 

experimental work, particularly the Knudsen CelyMass Spectrometry (descnied in 

Sections 53 and 6.3) did not include Tc in the noble metat 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 tbis, the Knudsen CeUlMass Spectrometry experimental work, 

descriied in Sections 5.3 and 6.3, targeted the vapour pressure of palladium in the noble 



metal aiioys. However, before the four component alloys were examined, the apparatus 

was calibrated on a pure palladium sample, and cornparison with the literature values for 

the vapour pressure of Pd was made (See Figure 7-7 in Section 7.3.1.2, p.132). 



3. Critical Assessrnent of the Binary AUoy Phase Diagrams 

3.1 Pretiminary Remarks 

There are ten binary systems that c m  be fomed fiom the noble metafs, Mo, Pd, 

Rh, Ru, and Tc. Although the Binary AlIov Phase Diamams (BAPD) pubiished by the 

Arnerican Society for Metals (ASM)[~~I 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 

evaiuations 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 yearçv-9J8J91. In this chapter each binary system wiU be criticaiiy examine& with a 

presentation of the experimentai work that has previously been performed, and the 

subsequent conclusions that were drawn. Where appropriate, previous equi1ibriu.m phase 

diagrams will be inchded 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 shouId be noted that the t hedynamic  data for the 

"lattice stabilities" @th red and hypothetical) for the components in the ten binary 

systems were presented in Table 2-6 of Section 2.2.2 (p.31). These data comprise only 

part of the necessary Gibbs energy expressions for each phase present. The cornplete 

expression for the Gibbs energy for any phase in a binary system A-B, is given in 

equation (3.1), where: the fbt two terms represent the energy components atûilbutable to 

the Iattice stabilities of A and B, respectiveIy; the third term expresses the ideal mWng 
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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 terni is an expansion series which accounts for deviations 

fiom ideal mixing. 

iattice sta6'ility for A lattice stability for B . - . . 

+ R T ( X , I ~ X ,  + X, ~ n x , ) + C  X,X, [(hi -s,T) xi] (3.1) 
\ - i=O 

ideal mùing term , 
excess Gibbs energy 

where XA and Xg represent the mole fractions of A and B, T the absolute temperature, R 

the gas constant, Ho and S " the enhalpy and entropy conîributions to the lattice energy, 

and Ir1 and si the enthaipy and entropy contributions in the excess Gibbs energy series. 

It should be noted that the main purpose of thennodynamically 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 aii hypothetical crystal structures (e.g., a hypotheticai close-packed hexagonal 

phase in the Pd-Rh system) in the modelling endeavour. With such hypotheticai mixing 

tenns it is thus possible to constnict a multi-component model (details of this are 

explained in Chapter 4) using interpolation procedures. 

Each binary system wiil be exarnined in tems of previous experirnentd 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 wiil be presented, since the lattice stabilities were presented in Table 

2-6 of Section 2.2.2 (p2l). Furthemore, a plot of a Gibbs energy isotherm, showing the 

various Gibbs energy of m k h g  curves as functions of composition at 1800K, is included, 

since the phase diagram was d h a t e l y  derived k m  a senes of these over the given 

27 



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 

~ a u b [ ~ ]  in 1954. For a series of alloys both the crystal structure and lattice parameter 

were determined at 1073K, 1 123K 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 (Le., 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 molybdenurn were not reported. It is 

noteworthy that Raub did not find evidence for any intermediate compounds, especidly 

at the lower temperatures. 

Haworth and Hume-Rothery examined the molybdenum-rich side of this system 

using classic metallographic techniques and X-ray diffk~ction[~'~. The results are show 

in Figure 3-1. The important discovery was the presence of a high temperature close- 

packed hexagonal (cph) €-phase that exists between 50 and 60 atomic percent Pd. The 

temperature range for the &-phase extends 6om 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 ~nderson~ '~~ .  Anderson confïnned the presence of the E-phase and the 

results indicated that there was a n m w  compositional range at about 52 atomic percent 

Pd. Furthemore, an estimation of the maximum solubility of palladium was made to be 

6.5 atomic percent at the peritectic temperature of 2O28K IIOK. Together with the work 



of Haworth and ~ume-~othezy[~'~,  Anderson provided a complete graphical 

representation above 1623K for the Mo-Pd system. This is reproduced in Figure 3-2. 

Figure 3-1. The 
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Figure 3-2. Molybdenum-palladium equiiiirium diagram fiom ~nderson['~~. 



Also in 1964, Savitskii et used several methods to investigate Mo-Pd aiioys 

across the complete compositional range, and published a different equilibrium diagram. 

Aithough there are differences between this evaluation and the previous investigations of 

Haworth and ~ume-~othery[~'] and ~ n d e r s o n [ ~ ~ ~ ,  Savitskii et al. con6nned the presence 

of the cph E phase (composition of approximately 53.5 atomic percent Pd), which was 

reported to form at 2023K f l 5 K  via a peritectic reaction, Liquid + (Mo) + E, and 

decomposed at 1698K f l 5 K  via an eutectoid reaction, E + (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. Savitski et al.[43' reponed that the 

maximum solubility of Pd in molybdenum lies between 9 and 14 atomic percent, values 

higher than that of ~nderson[~~] .  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 Both papers agreed that 

these values change little with decreasing temperature. Also, Savitskii et al. suggested 

that there exists a peritectic reaction of Liquid 3- E -+ (Pd), which produces, as a 

consequence of tbis postuiated 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 confïrmed by 

Zaiss et who used quantitative electron-pmbe-microanalysis to study difkion 

processes in the Mo-Pd system, and thereby determined the solvus iine for the fcc 

palladium-rich phase. Their results are summarïzed in Table 3-1. 



Table 3-1. Solubilities of Molybdenum in Palladium fiom Zaiss et 

Temperature Solubility of Mo in Pd 
0 (Atomic % Pd) 

In the literature the b t  calculated evaluation for the Mo-Pd binary systern was 

presented by Rand and ~o t t eP9 ,  although the mathematical expressions for the Gibbs 

energies were not published. This evaiuation is shown in Figure 3-3. 

Figure 3-3. Computer generated evaiuation of Rand and pottSq. 

The evaiuation pubiished by Rand and Potter was, as they themselves notedoq, 

baseci predominantly on the work of Haworth and ~ume-~othery ' l ,  and ~ n d e r s o d ~ ~ l ,  

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!431 and the 

extremely high solubility of over 25 atomic percent Pd in Mo that was reported in 1956 

by Greenfield and ~ e c k [ ~ ~ .  The latter exarnined only two alloy compositions fiom this 
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system. Furthmore, the evaiuation 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 ~ n d e r s o d ~ ~ ~ ,  instead of the peritectic reaction proposed by Savitskii et 

a1J431 

[JO433 Although Raub, Haworth and Hume-Rothery, Anderson, and Savitskii et al. , 

quite distinctly reported the absence of any intermetailic compounds, MaIdonado and 

~chubert[4~] claimed that an ordered compound MoPd2 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 

r n o ~ ~ b d e n u d ~ ~ ,  includes MoPdt 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[~']. 

Ucighl Percent Pallsdfurn 
0 10 DO II da M m m 00 ion 

t 

Figure 3-4. Mo-Pd equilibrium diagram fiom B A P D [ ~ ~ ~ .  

In order to cl- the various discrepancies within the Mo-Pd system, KIeykamp 

reinvestigated the system over the whole composition range fiom 1143K to 2 2 7 3 ~ ~ ~ ~ .  

This evduation is shown in Figure 3-5. 
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Figure 3-5. Phase diagrarn proposed for the Mo-Pd system by ~ l e ~ k a m ~ ~ ' ~ -  

The extensive study by Kleykamp both clarifies and obscures the controversial 

aspects of the Mo-Pd phase diagrarn. On the Mo-rich side of the diagram, differentiai 

themai analysis @TA) of a 95%Mo/S%Pd alloy indicates a solvus temperature at 1973K 

and a solidus temperature of 2108~[~'~. This result, together with X-ray microanalysis 

resuits for a series of alloys, indicated a iimited solubility of Pd in molybdenurn, thus 

c o n f h h g  the results of Haworth and Hume-Rothery. Kleykamp also confirmed the 

existence of the &-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 MoPd2, there was not any evidence at the 

bwest temperatures, Le., 1143K and 1173K. 

As cm be seen fiom Figure 3-5, Kleykamp proposed the peritectic reaction, 

Liquid + E + (Pd), on the palladium side of the binary system. But, it should be noted 

that there were inconsistent results here. X-ray microanaiysis suggested that the solvus 



bomdary between the E + a region and the a-phase region are at 59 atomic percent Pd at 

1773K and 1873K. However, irreproducible differentiai thermal analysis peaks were 

interpreted, as shown in Figure 3-5, to be indicative of a soIvus that extends toward the 

palladium rich side of the diagram. Fhally, the presence of a liquidus DTA result at 60 

atomic percent Pd at 2203 or 22i3K, suggested that the P + Liquid region, and by 

extension the Liquid + E 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 rnelting point involving the liquid and a phases. Unfortunately, Kleykamp did 

not offer any comment. 

Kleykamp reporteci on the possible existence at temperatures above L273K of the 

compound Mo3Pd, but as he noted the possibility that this phase was stabiIized by the 

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

By using electromotive force (emf) techniques and the galvanic ce11 shown in 

( 3 4 ,  the relative partial molar Gibbs energy of molybdenum in the Mo-Pd systern was 

measured h m  973K to 1373K. 

(-) R~ 1 F ~ ,  ~~o~~~ 1 a(ca)o 1  MO^, MO - ~d < ~ i î ~ ~ l  ~e (+) (3.2) 

At 1200K the relative partial molar excess Gibbs energy of molybdenum at 

innnite dilution in palladium was measured to be:  AG^,^,.^ =-94kllmol laq. 

Another re-investigation of the Mo-Pd binary system was made by Gürler and 

pradal, who used ultra-rapidly solidined samples to achieve equilibrium much more 

quickly upon subsequent m e a h g .  The alloys studied were in the temperature range 

1153K to 1373K, and the resuits are presented in Figure 3-6. 



- T h e b P d p h m e ~ ~ r r v i s t d p h w b a u n d v l u ~ n ~ t e m p e n t p n ~  
1100-880 C. Ei fk.~., X-rr5r m t  6tua 4 C.CC., SEM p-t inidy; A f.c.c.c, SEM [47; 

Lee, X*qr[~c]; W f.cc.[40]; 0 b-CC., X-w W t  -9; A bac, S m  prr#nt stu4y; 
O b.c.c., SEM [47]; W b.c.c., X-ray[LC]; O b.cc [4q. 

Figure 3-6. Cornparison of results nom GürIer and Pratt[481 with others.' 

The results bom Gürler and prattLJg1 indicated that h r e  was not any evidence for 

the formation of eitfier MoPd* or Mo3Pd at temperatures above 1 253K. Furthemore, this 

investigation cunhned îhe limited sohbility of Pd in molybdenum, and the results are in 

agreement with Zaiss et on the solubility of molybdenum in palladium. 

The Mo-Pd was therrnodynamicdly evaluated by GW~F'I and summarized by 

Okamotot in the Journal of Phase ~ ~ i c i f i b d ~ ~ ~ .  This evduation is shown in Figure 3-7, 

but it should be noted that there is a problem with the placement of the &-phase, which is 

depicted to extead to 46 atomic percent Pd, when in the evaluation of ~ürlet[~' '  it dearly 

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

Note that X-ray data points referenced [LC] are refirenced internally by Giuler and ~ r a p \  and are fiom: 
LA. Cornish, Pm ïîiesir, Bumingbam University, (1985). 

The summary by Okamoto contains typographicd ernus in the table of thmodMc data Ali the 
Gibbs energy &ta for Pd is labeiied Rb, and the Gibbs energy expression for the Pd-bcc structure shodd 
read: -12300 + 1237T Jlmol (not 1235T); as in accordance with ~iirl&% 
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reaction and congruent melting point on the palladium side of the diagram, thereby 

disregarding the seerningly emneous liquidus data point reported by ~ l e ~ k a m ~ [ ~ ' ~ .  

l c i g h t  Pcrccnl Palladium 

Omo 

Mo Atomic Pemnt  PsIIedIum Pd 

3 1,491 Figure 3-7. The updated ASM diagram based on ~i i r le& . 

3.2.2 Accepted Evaluation for the Mo-Pd System 

The Mo-Pd phase diagram as evaiuated by ~ i i r ~ e r [ ~ ~ ~  is shown in Figure 3-8. This 

evaluation has a eutectic reaction, Liquid + E + (Pd) at 2005K, and a congruent melting 

point at 2008K and 61.6 atomic percent Pd. It c m  be seen that unlike Figure 3-7, the E- 

phase straddles the centre of the diagram and is positioned more in keeping with the 

results of Haworth and  urne-~othery["', and ~ n d e r s o d ~ ~ l .  The possible compound 

MoPd2 has not been included in this evaluation. The evaluation by ~ÜrleP']  has been 

accepted in the present work. 



Fi gure 3-8. The Mo-Pd system as evaluated by ~iir~e+''l, showing critical feahues. 

A detailed view of the eutectic reaction at 2005K, s h o w  in Figure 3-8, is clearIy 

presented in Figure 3-9. The Phase Rule is obeyed in the regions bordering the €-phase. 

2015 
4ystem Pressure is 1 amosphere- 

2015 

Liquid 

x~d 
Figure 3-9. Computed detail of the Mo-Pd phase diagram near the eutectic reaction. 



3.2.3 Thermodynamic Properties for Mo-Pd Binary Sysîem 

Aithough it has been shown that there has been extensive experimental work 

performed in this system, there has been only Liniited thermodynamic data measured. As 

mentioned previously, KIeykamp measured the relative partial molar Gibbs energy of 

molybdenum 6om 973K to 1373K. At 1200K the relative partial rnolar excess Gibbs 

energy of Mo at in6nite dilution in was: A?%. , X, .I = -94kll mol r4q. 

Although Rand and ~ o t t e r [ ~ ~  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 Gürler, 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 Sedon 2.2.2 - Crystal Sîructures, Transition 

Temperatures, Enthalpies, and Entropies, The excess properties of mixing for the four 

phases in the Mo-Pd system are 1311: 

AG, = X,X, [366904.56 - 4 7 8 7 7 3 ~ ~ ~  -(M. 12 - 2 1 6 . 8 5 ~ ~ )  T ]  Ilmol (3.3) 

AC = X,xpd [40328.63 + 1 2 2 0 2 6 9 ~ ~  -(73.49 + 1 5 9 . 9 2 ~ ~ ~ )  T ]  Jlmol (3.4) 

 AG^^ = x,x, [71076.50 - 1 0 0 4 1 6 . 8 ~ ~ ,  -(50.59 - 2 7 . 8 4 ~ ~ ~ )  T ]  Jlmol (35) 

AG:,, = X,X, [11387.07 + 6 ~ 6 ~ 6 ~ ,  - ( l 6 . 8 1 + ~ 3 . 3 3 ~ ~ ~ )  T ]  Ilmol (3.6) 

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

system at l8OOK is shown in Figure 3-10. 

The standard state was not specifïed by Kltykamp, but it is reasonable to assume that it was bcc-Mo. 
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Figure 3-10. Gibbs Energy Isotherm at 1800K for Mo-Pd systern. 

3.3.1 Previous Studies of the Pd-Ru System 
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pdormed by Rudnitskii and ~ o l ~ a k o v a [ ~ ~ ~ .  These investigators used various techniques 

incIuding X-ray analysis, thermo-emf measwements, differentiai thermal analysis, and 

measurements of bardness and electrical resistance to generate the phase diagram shown 

in Figure 3- 1 1. 



RU W.% 

Figure 3-11. Pd-Ru diagram as evaiuated by Rudnitskü and ~ o l ~ a I c o v a [ ~ ~ ~ .  

As cm be seen in Figure 3-11, there is reasonable rnutual solubility of these two 

components in each other. In the case of ruthenium into Pd, the solubility limit w a  

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 

LOOOK the solubility of Pd was assumed to increase. 

Perhaps the most interesthg feature of this evaiuation was the indicated presence 

of an intermediate phase region (labelled P-phase in Figure 3-11) amund 15 atomic 

percent Ru. Rudnitskii and ~ o l ~ a k o v a ~ ~ ~ ~  suggested that the intermediate P-phax is 

formed by a peritectic reaction of Liquid + Ru-rich soiid + P at 1866% and that a second 

peritectic reaction, Liquid + P + Pd-rich solid, occurs at 1848R 

Darling and ~ o r k e [ ~ ' ~  aiso examinecl the pdad.um-ruthenium system, but unlike 

Rudnitskü and ~ o l ~ a k o v a ~ ~ ~ ~  they did not find evidence of an intemediate phase. 



Obrowski and ~ w i n g r n a n n ~ ~ ~  were also unable to detect the presence of the 

intermediate phase in the pa~ladium-mthenium system. Although this work conhed 

itself to the palladium-rich side of the system, the various experimental techniques, 

namely thermal and X-ray anaiysis, and micmscopy, provided consistent evidence for the 

absence of the intermediate P-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 ~ o r k e [ ~ ' ~ .  

In their modelling of the Mo-Pd-Ru temary system, Rand and ~o t t e r [ ' ~  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 h m  considering previous experimental work. 

Rand and Potter based this diagram predominantly on the work of Darling and ~orke[''I, 

noting that the intermediate phase detected by Rudnitskii and ~ o l ~ a k o v a [ ~ ~ ~  may have 

been an aaifact that resulted due to the presence of RuOz 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 ~ork[~ '~ .  

The phase diagrarn calculated by Rand and Potter is shown in Figure 3- 13. In this 

diagram the temperature of the peritectic reaction has been raised approximately 6OK, 

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 fiom 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 



Figure 3-13. The Pd-Ru phase diagram calculated by Rand and ~ o t t e + ~ ~ .  

Using X-ray microanalysis and X-ray diffraction, ~ l e ~ k a r n ~ [ ~ ~  confhned that 

the palladium-mthenium system was a simple pentectic system as proposed by Darling 

and ~orke[''I. His proposed phase diagram is show in Figure 3-14. It can be seen that 

the maximum solubility of palladium in Ru is relatively constant (at 7.7 M.3 at.%Pd) 

below the peritectic temperature of 1867K. This differs b m  previous work that 

suggested that solubility of palladium in Ru increased dramatically towards the peritectic 

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 ~ leykarn~[ '~ .  

Supplemental experimental data in the form of limited differential thermal 

analysis results confirmed the general form of the diagram, but unfortunateiy as a result 

of degradation of the thennocouples caused by the high palladium vapour pressure, data 

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

~ l e y k a r n ~ [ ~ ~  also obtained the first thermodynamic data for this system by the 

emfmethod using a solid galvanic ce11 in the arrangement: 

(-) ~t  RU, ~ ~ 4 1  Zr(Ca)Q I R U O ~ , R U  - Pd doyl PI(+)  (3-7) 

From this galvanic ce11 the activity of ruthenium was determined in the two phase 

region. At 1 lOOK and 12OOK, A& = -576OJl ml and AL = -6260Jlmoi ', 

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

Giirler provided a computer assesment of this ~ystem[''~, based on the singIe 

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

The standard state was not specifîed by Kleykamp, but it is reasonabIe to assume that it was cph-Ru, 
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Figure 3-1 5, agrees with the features reported previousl y. The peritectic reactior; occurs 

- - 
Figure 3-15. Evaluation proposed by ~ ü r i d ~ ~ 1 .  

A summary of the various evaluations of the palladium-rutheniun system was 

published in the Journal of Phase ~ ~ u i l i b t i a ~ ~ ~ ,  and is reproduced in Figure 3-16. 

t f . .  

. . W . -  

% . : :  
. . . a  

Pd Alomic Pircenl Ruthenlum Ru 

Figure 3-16. From the summary by Tnpathi et alJfll, detailing experimentai work 
perfomed in the palladium-rutheniun system. 
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The curent evaiuation published by the ASM['~] is presented in Figure 3-17. 
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Figure 3-17. Pd-Ru equilibrium diagram fiom BAPD~"~. 

3.3.2 Accepted Evaluation for the Pd-Ru Sysîem 

The cunently accepted evaluation by ~ürieF'I 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, E (cph-Ru) + Liquid + a (fcc- 

Pd). A M e r  feature of interest, aithough it is not evident in Figure 3-18, is that the 

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

XRu = 0.0103. 
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Figure 3-18. The Pd-Ru system as evaluated by ~(lrler''~! 

3.3.3 Thermodynamic hperfies for Pd-Ru Binary System 

The excess properties of mixing for the four solution phases are [341: 

AG& = Xpd XRu [l87~64.062 - 62 169.28 lxpd - (63 -66 1 - 6 . 6 4 ~ ~ ~ )  T ]  Jlmol (3.8) 

AG: = X, X, (-5049.035 i 17.59~1 Ilmol (3-9) 

AG; = XpdXR, [-1524.8 18 i i4 .933~1 Jlmol (3.10) 

AG, = X,X, [ ~ O O O O ]  Jlm01 (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, ~ l e ~ k a m ~ [ ~ ~ ~  determined the partial fiee energy for 

mthenium' to be =-5760Jl mol at 1 lOOK and A&,, = -626OJl mol at 1200K 

The standard state was not specined by Kleykamp, but it is reasonable to assume that it was cph-Ru 
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and ah = 0.53. 

Figure 3-19. Gibbs Energy Isotherm at 1800K for Pd-Ru system. 

3.4 Rh-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 systern. Paschoal et al.[s4sq investigated the 

system using metallography, X-ray dühction, DTA, electron microprobe, and 

mimhardness measurements. 

A summary of  the results of Paschoal et al!545q and two other minor papen 

concerning the changes in lattice parameters was made by Tripafhi et alJSq. The assessed 
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equiübrium diagram is presented in Figure 3-20. 

Figure 3-20. Rh-Ru equilibriun diagram h m  sumrnary by Tripathi et al!S61. 

The current evaluation published by the A S M [ ~ ~  is presented in Figure 3-21. 

~h Atorntc Pereenl Rulhenlum Ru 

Figure 3-21. Rh-Ru equilibrium diaga~n[~'~. 

3.4.2 Accepted Evafuatiin for the Rh-Ru S'stem 

The evaluation by GürIer has been accepted and is shown in Figure 3-22. The 

diagram is characterized by a peritectic reaction, Liquid + Rucph + Rhro. The terminal 



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 ~iirler'~'~. 

3.43 Thermodynamic Properties for Rh-Ru Binary Sysîem 

The excess properties of mixing for the four solution phases are 

AG& = X, XRu [-35739.32 + 16.36913 Ilmol (3.12) 

AG:= = X,XRu [-53477.07 + 21 .7381] Ilmol (3.13) 

 AG^^ = X, X, [-26440.004 + 10.445~1 Jlmol (3.14) 

 AG^ = X,X, [O +OT] Jlmol (3.15) 

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

system at 1800K is show 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 Tsoherm at ISOOK for Rh-Ru system. 

3.5 Mo-Rh 

3.5.1 Previous Studies of the MO-Rh Sysiem 

The work by ~aub[''l examined the crystal structure of nine alloys in the Mo-Rh 

binary system. The results indicate that as well as tenninal 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 metallographic 

techniques[49, and studied &ys that vaned h m  dilute rhodium alloys to rhodium 

pacentages up to 60%. Tbeir partial evaluation of the molybdenurn-nch side of the 

5 1 



equilibrium diagram is show in Figure 3-24. 

Figure 3-24. The molybdenum rich ride of the Mo-Rh equilibrîurn diagra~n[~'~. 

Haworth and Hume-Rothery determined that a eutectic transition occurred at 

approximately 40 atomic percent rhodium and 22 13K i15K. The maximum solubiiity of 

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

in 1960, Anderson and ~ u r n e - ~ o t h e ~ ~ ~ ~  investigated the rhodium side of the 

phase diagram at temperatures above 1773K A complete equilibriurn diagram was 

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

shown in Figure 3-25. 



Mo-Rh quilibriurn d i m m :  X. thcnnai anats: O. a-Rh; O. r ;  3, c + a-Rh; a) 
quenched liquid: m. r + Iiqoid: O .  r + ph: *. X-ny 

Figure 3-25. Mo-Rh Equilibrium diagram fiom Anderson and ~ u m e - ~ o t h e # ~ ~ .  

As can be seen in Figure 3-25, Anderson and ~ u r n e - ~ o t h e d ' ~ ~  postulateci that the 

intermediate €-phase extended fiom roughiy 45 to 82 atornic percent Rh, and that there 

was a congruent melting at approximately 67 atomic percent Rh and 2348K k1OK 

Furthermore, on the rhodium side of the diagram, there was a peritectic transformation of 

E + Liquid + a-(Rh), where a- (Rh) is an fcc crystai structure, at 2273K +LOK. The 

maximum soluibility of Mo in rhodium was found to be 15 atomic % at the peritectic[581. 

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

evaluation published by the A S M [ ~ ~ * ~ ,  and is presented in Figure 3-26. 



Mo Alomiç PcrcenL Rhodium Xb 
[25381 Figure 3-26. Mo-Rh equilibrium diagram fiom BAPD . 

3.5.2 Accepted Evuluation for the Mo-Rh Sysiem 

The Mo-Rh system was evaiuated by Gürler and Pratt and summarized by 

~karnoto* for the Journal of Phme Eqrdibria [32s91. The evaluation and themochemical 

data by Giirler and Pratt were accepted but it was discovered in reprocessing their 

thennochernical data bat  at temperatures above 3200K the facecentred cubic phase 

reappeared (Le., became stable) when 0.4 I XRh I 0.5. Since this is physicaliy 

unreasonable, the limitation that 0.54 5 XRh I 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 

mode1 h m  Gürler and Pratt does uot account for the compounds MoRh and Mo&, 

which do exist at lower ternperature~[~~~. Giessen et al. showed that a 50 at.% Mo-50 

Once again the mmaury by  kam moto^^^ contains a typographicai enor, namely that the second part of the 
expression for the excess propexties of the cp6 phase has the signs reversed on both constants, 
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at.% Rh alloy amealed at 1223K for 36 hours exhibited an ordered op4 structureg. They 

also interpreted previous results by Anderson and ~ u m e - ~ o t h e $ ~ ~  to indicate the 

presence of MOI&, and suggested a structure type of h ~ 8 + .  

-Systern Pressure is 1 atrnosphere- 
3000 

Figure 3-27. The Mo-Rh system computed using the data of Gûrler and ~ r a a [ ' ~ I ,  with 
appropriate compositional limitations placed on the data for the fcc phase. 

3.5.3 Including MoRh and MoRh3 into an Improved Evaluation 

The current accepted evaluation for the Mo-Rh binary system, that included data 

estimated for the compounds MoRh and Mou3, was evaluated specXcaily for tbis work 

and is shown in Figure 3-28. It can be seen that above 1500K the diagmns shown in 

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

This is a simple orthorhombic structure. Giessen et al!601 reported it by the Stniknirbericht designation 
B 19-MgCd 

A simple hexagonal stnicture, reported by Giessen et al!a1 as Stnikturbencht designatïon WITMpCd3. 
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Figure 3-28. The Mo-Rh system incorporating the models of Giirler and l'rad3'', and 
also the data estimated for the compounds MoRh and MoRh3. 

3.5.4 Thermodynamic Properîies for Mo-Rh Binary System 

The excess properties of mixing for the four solution phases in the Mo-Rh system 

are i321: 

 AG^ = XJ, [22507.43 - 4 1 7 7 6 . 9 2 ~ ~  - ( 5 ~ 8  + 7 . 6 7 ~ , ) ~ ]  Ilmol (3.17) 

AG; = X,X, [110113.559-199401.5X, - (65 .004-99 .42~ , )~ ]  JlmoI(3.18) 

= X,X, [-8453.152 -60006.5x~ -(5.495 - 2 5 . 8 7 2 ~ ~ )  T ]  Jfmol (3.19) 

For the compounds, MoRh and MoRh3, the Gibbs energy expressions used were: 

AG",,, = -47100 + 16.7477T Jlmol ber '/2 mol of MoRh) (3.20) 

AG;,,& = -50339.2 + 20T Umol ber '/4 mol of Mou3)  (3.21) 



Note that equations (3.20) and (3.21) refer to molybdenurn and rhodium in their 

liquid States (i.e, Mooid and Rhid). These equations were derived in a rnanner that 

provided a peritectoid reaction at I323K, and eutectoid reactions at 1273K and 1436K. 

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

two stoichiometric cornpounds of the Mo-Rh system at 1800K is show in Figure 3-29. 

Figure 3-29. Gibbs Energy Isotherm at 1800K for Mo-Rh system. 

3.6 Mo-Ru 

3.6.1 Previous Studies of the MeRu System 

Anderson and ~ u r n e - ~ o t h e d ~ ' ~  studied the Mo-Ru system using X-ray 

dithction and classic metallographic techniques. They characterked 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 (a-phase) with the approximate 

stoichiomeûy of MosRu3. 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. 

O 
As. % ni- 

Molybdenum-mthmium equilibrium dirgnm. x d e r  ta X-ny poinîs, The full points 
refer to spsimuu uidyxd alter the experimentr. For the open pointa. the comporitiona 
eitha hken to be the rur# u the d y t i n i  d w r  for aaother sp&imen of the urne bu, or 
are the synthetic valua: O. a-Mo: @. quachcd liquid: O . a-Mo + liquid : 0. a-Mo + a; 

8. a-Ru: m, a-Ru + liguid; 6 ,  o-Ru + O ;  A. a-Mo + a-Ru. 

Figure 3-30. Mo-Ru equilibrium diagram h m  Anderson and ~urne-~othesl[~'~. 

An investigation of the temary systems molybdenum-rhenium-niobium and 

molybdenum-rhenium-mthenim by Kieffer and ~edlatschek[~~] generally conhned the 

features proposed by Anderson and ~ u r n e - ~ o t h d ~ ' ~  for the Mo-Ru binary system. One 

important distinction between the two diagrams is that Kieffer and Sediatschek centred 

the a-phase at a stoichiometry of Mo3Ru2, while Anderson and Hume-Rothery placed the 

a-phase at Mo&u3. Furthemore, Kieffer and Sedlatschek proposed an eutectoid 

reaction involving o + Mow f Rqcph) at approximately 155OK. The equiliirium 

diagram that was proposed by Kieffer and SedIatschek is shown in Figure 3-3 1. 



Figure 
IL% A, 

3-31. Equilibrium diagram proposed by Kieffer and ~edlatschek[~*'. 

Rand and based their modelling efforts on the experimentally 

determined features depicted in Figure 3-32. in this work they treated the a-phase as a 

stoichiometric (line) compound with the composition MosRu3. 

Figure 3-32. Experimentaily based phase diagram for Mo-Ru, h m  which Rand and 
Potter derived a mathematical r n ~ d e l [ ~ ~ .  



The phase diagram that was mathematicaily determined by Rand and Potter is 

s h o w  in Figure 3-33. It c m  be seen that the solidus and liquidus lines did not provide as 

narrow a two phase region as that suggested by the experimentai results which were 

graphicaily represented in Figure 3-32. While Rand and Potter conceded this point, they 

rnaintained 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 rnodel of the Mo-Pd system, the parameters 

derîved for this model were not published in the l i terat~re[~~.  

Figure 3-33. The phase diagram for Mo-Ru as modelled by Rand and ~o t teFq .  

A second intensive experimentai examination of the Mo-Ru binary system was 

undertaken by ~ ~ e ~ k a m ~ [ ~ ~ * ~ ~ ~ ,  and these experiments, while incIuduig traditionai 

techniques such as metaiiography, X-ray dükiction, and DTA to establish phase 

boundaries, aiso employed the emf method to measure thermodynamic properties, 

60 



By using DTA, Kleykamp established that the eutectic temperature in this systern 

was 2228K i l O K .  Also using the DTA and dilatometry, the peritectoid and eutectoid 

reactions that involve bcc-solid rich Mo, cph-solid rich Ru, and c phases, were 

determined to occur at 2188K and 1416K, r e~~ec t i ve l$~~~ .  

Results fiom 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 

~ ~ s t e m [ ~ ~ ] .  These results, dong with the DTA and dilatometry results, are shown in 

Figure 3-34. 

Figure 3-34. Experimental results hom ~ l e ~ k a m ~ [ ~ ~ ' .  

Using the solid galvanic ceil schematicaiiy shown in (3.22), the relative partiai 

molar Gibbs energy of molybdenum in the Mo-Ru system was measured fiom 1150K to 

1350K. 

(-) ~ e l ~ e ,  FG,~ Zr(ca)02 I M O O ~ ,  MO -RU a1loyl Re(+) (3.22) 

The relative partial molar excess Gibbs energy of rnolybdenum with respect to 



bcc-Mo at infinite dilution in ruthenium was reporteci a s  follows: at 1200% 

-& -E 
AGM~, w.r.l.ba = -43 W/mol, and at l3OOK, AGzro. wz.rac = -40 Wmol. 

3.6.2 The Current ASM Evaluation 

The cunent evaiuation published by the ASM[~'' is presented in Figure 3-35. This 

evaluation is derived completely fiorn the graphically representation proposed by 

~ l e ~ k a m ~ [ ~ ~ !  and as yet, a therrnodynarnic model has not been published in the literature. 

Wslght Parcenl Rulhsnlum 

m 
~ I O O ~ ~ O M M ~ W ~ I M  

I 

a IO ai = i o  la so rn m SQ ioo 
Y O ~ l o r n l c  Pcrccnl Rulhenium Ru 

Figure 3-35. Mo-Ru equiiiirium diagram fiom BAPD[~*~. 

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

An original thennodynamic model was evaluated for the Mo-Ru system, as part 

of this thesis. Since there was limited thermodynamic data avai~abte[~~~,  and only two 

major experimental papas (Anderson and ~ume-~othe$'~ and ~ l e ~ k a m ~ ~ ~ ~ ~ ) ,  there 

were not any major confiicting data that had to be resolved*. Tnstead, by using the lowest 

' For an example of conflicting data, the reader is referred to the W P d  system, where the confIicting data 
mvolved the posstble existence of MoPdt and MePd at lower temperanues, or tbe Pd-Ru systern, whcre ao 
intemediate compound was proposed in a .  early investigation. 
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common tangent approach, equilibria between the bcc-solid anci cph-solid were 

established using the features proposed by ~ 1 e ~ k a r n p I ~ ~ l  and illustrated on Figure 3-34. 

As a M e r  defining condition for the thermodynamic model, the relative partial molar 

excess Gibbs energies of molybdenurn at m t e  dilution in ruthenitun that had been 

measund by Kleykamp at 1200K and 1 3 0 0 ~ [ ~ ] ,  were used. This original evaluation is 

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

composition MosRu3. 

3000 
-System Pressure is 1 atmosphere- 

3000 
2896 

Liquid 
0.407 2607 

2500 

2000 

1416 1500 

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

3.6.4 Thermodynamic Properties for M e R u  Binary System 

The excess propdes of mixing for the soIution phases in the Mo-Ru system are: 

AG& = X,,X, [-46277 + 26370 xRX 3 Jlmol (3.23) 

AG: = X,X, [33863+730.47~, -18.335~1 Jlmol (3.24) 

AG; = X,X, [78 174-1691 ~ O X ,  -(50 -80xR,, ) T ]  Jlmol (3.25) 
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AG; = X,, X,, [l SOOO] Jlmol (3.26) 

As mentioned previously, Kleykamp provided partial rnolar excess Gibbs energies 

at infinite dilution of Mo in cph-Ru solid Frorn (3.25), the partial rnolar 

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

-E 
AGMO.~.,, = xiu [247354-338360~~ -(130-I~OX,)T] Jlmol (3.27) 

At infinite dilution of Mo, XRU = 1, and (3.27) simplifies to: 

-E 
w3J.qh = [-9 1006 + 3021 Jlmol (3.28) 

Kleykamp reported that ~ & . ~ . ~ . , . * r  = -43 kljmol and -40 kl/mol, at 1200K and 

1300K, respectivelylbll. By solvhg (3.28) and using the difference in Gibbs energy fiom 

Table 2-6 to convert fiom cph-solid as the reference state in (3.28), to a bcc-solid 

reference state (in other words: +11550 Jlmol), values of AGW.~. , , .~  =-43.46 k h o l  

and -40.46 kJlmol, at 1200K and 1300K, respectively, were obtained, 

For the compound Mo&u3, q9, = 35440 Jlmol, $,,= 290,1092 J1mol.K and 

C, = 221.0131-0.02404T- 
2548550 + 3.05593 x 10" T~ Jlmol-K (al1 values per mol 

T * 

MosRu3). The Cp expression for MosRu3 was calculated fiom the Cp data for Mo and Ru. 

'P MO&, = 5 c ~  ~ 0 , ~ ~  + 3 C ~  R~~~ (3.29) 

The expression AGMosRu, = 4430 -7.68495T Jlmol, (per mol of M o ~ R u ~ ,  with 
1 1  

respect to MO-) and Rqqh,) was used to calcdate ma, and SB,. For AH&, the 

foliowing equation was used: 



For G8 the relationships expressed in (331) and solved in (3.32) were used. 

A plot of the Gibbs energy of mixing c w e s  for the four solution phases and the 

compound Mo5Ru3 of the Mo-Ru system at 18OOK is shown in Figure 3-37. 

0.0 0.2 0.4 0.6 0.8 1 .O 

Mo xi-- Ru 
Figure 3-37. Gibbs Energy Isotherm at 1800K for Mo-Ru system. 

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

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

shown with equations (3.25), (3.27), and (3.281, the values measured by ISleykampP1 

were in agreement with the values that were obtained h m  the proposed evaiuation. 

Furthemore, the eutectic, peritectoid, and euteetoid temperatures fomd by ISleykampsl 
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agree exactly with those predicted by the model. These facts are not surprising, since the 

proposed mode1 was developed h m  these data. 

However, Kleykamp dm determined the positions of the solvus bes  for this 

system using X-ray microanaiysis. A cornparison of these vatues with the proposed 

evaluation is shown in Figure 3-38. The boxed values shown on the diagram represent 

the différence between the values of Kleykamp, and those predicted by the model. 

Negative values indicate that the Kleykamp point is to the lefi (Le., Mo-rich) of the 

predicted value. 

-System Pressure is 1 atmosphere- 4 
Liquid 

/ (MO) + (Ru) 

Figure 3-38. Cornparison of the data of Kleykamp with the new evaluation. The boxed 
values represent the difference between the proposai evaluation and the data of 

Kleykarnp. Negative values indicate that the data point h m  Kieykamp is to the left. 

h generai the agreement is respectable, as indicated by the boxed values on the 

diagram, which represent ciifferences between the curent evaluation and the data given 

by except possibly at temperatures betow 1416K on the Mo-rich side of the 
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diagram. The sample preparation in the work of ~ l e ~ k a m ~ [ ~ ~ ~  involved arc melting under 

reduced argon pressure, high purity powders of both Mo and Ru. Homogenization at 

vanous temperatures was performed under high vacuum. Discrepancies here rnay be a 

result of incomplete solid state dinusion in the aiioys tested, this problem being 

especidly relevant at lower temperatures. In his experimental work Kleykamp annealed 

one alioy 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 composition 

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- 

~othery[~']  are presented in Figure 3-39. 

Figure 3-39. Comparison of experimental work from Anderson and ~ u m e - ~ o t h e $ ' ~  
with the proposed evaiuation 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, emrs  in calculating the data points as presented 

in the diagram of Anderson and ~ u r n e - ~ o t h d ~ ' ~ ,  and compositional shifts of data 

points that could result fiom volatilization. 

The proposed evaluation was presented at the 1998 Topical Meeting of the 

American Nuclear Society and pubiished as part of the conference p r o ~ e e d i n ~ s [ ~ .  

Subsequently, ~ u r l e i [ ~ ~ ]  has published experimental results that support the position of 

the solvus lines below the eutectoid temperature of 1416K. A comparkon of the solvus 

compositions determined experimwtally by ~ ü r l e i [ ~ ~ ]  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. Cornparison of solvus compositions determined by ~i.irlet[~~I and those 
predicted by the current evaluation. 

bcc Solvus bcc Solvus cph Solvus cph Solvus 
Temperature frorn Giirfer as Predicted from Giirler as Predicted 
1 0  (at % Ru) (at% Ru) (at% Ru) (IL% Ru) 1 

3.7 M*Tc 

3.7.1 Prewious Sîudies of the Mo-Tc System 

Of the four binary systems that involve technetium, the Mo-Tc binary systeni 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 al.[671, these investigators were concerned with determining the 

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

Darby et aL[681691 reported the first crystallographic data for eleven aIloys annealed 

at temperatures between 773K and 1323K. Using X-ray diaction they found that four 

solid phases existed, narnely: a Mo-nch bcc-solid (P); a cP8 structure (K)'; a a-phase 

(teûagonai phase); and a Tc-rich cph-solid (E). The composition of the cP8 structure was 

determined to lie within the narrow range of 54I2 atomic percent Tc, specifically the 

intermediate cubic structure must lie between 0.50 < XTc ~0.56 at 873K, and a nanower 

range of 0.53 < XTc 4.56 at 1323K. The a-phase, however, was found to have a wide 

compositionai range that centred about 70 atomic percent Tc. At 973K the boundary 

between a and the a + E hvo phase region was found to be between 75 and 77 atomic 

percent Tc. The boundary between the a and the a + K two phase region was iess well 

dehed, lying between 60 - 70 at.% Tc at 973K. 

The summary of molybdenum phase diagrams prepared by ~ r e w e $ ~  reported the 

presence of five phases: the liquid, a terminai Mo-rich bcc phase extending to XTc = 0.50, 

a terminai Tc-rich cph phase extending to XTc = 0.85, an intemiediate tetragonal phase 

centred at XTc = 0.70, and another intermediate cubic solid at XTc = 0.55. The 

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

Reported as an AIS-Cr30 type simple cubic structure by Darby and 2eglerla1- 
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kehi*clum COL%) 

Figure 3-40. Mo-Tc equilibnum diagram as presented by ~ r e w e 4 ~ .  

As mentioned in Section 2.4-Technetium, experimental work with Tc is difficult. 

It is ofien usehl to exploit the chernical similarities that exist between technetium and 

rhenium (both are group VIIB). By comparing Figure 3-40 to the Mo-Re phase diagram 

shown in Figure 3-41, simiIar features are apparent, although the a-phase has shifted 

towards the higher Mo concentrations. 

Fi y r e  3-41. The equiliirium diagram for Mo-Re, as proposed by ~ r e w e p .  
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The current evaiuation pubiished by the ASM[~*] is presented in Figure 3-42. 

Weight Percent Tcchneciurn 
o s r n o ~ ~ e o m ~ w l w  

""i 

Mo Atomic Percent ?echnetiurn Tc 

Figure 3-42. Mo-Tc equilibrium diagram fiom BAPD[**I. 

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

The foundations for the Mo-Tc evaiuation were developed by considering data 

proposed by ~ r e w e r [ ~ ~ .  Ris attempt to defke the Liquidus over the cornplete 

compositional range was unsuccessful. Instead he suggested that the thermodynamic 

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

and 

while for XR = 0.67-1, the iiquid behaviour was defked by: 

and 



By considering these four equations, the critical temperatures and compositions 

for the eutectic and eutectoid reactions, and being mindful of the experirnentally 

determined solubility limits for the a-soiid phase, it was possible to mathematically 

determine the equiiibrium phase diagram. In this assessrnent the intermediate cubic 

structure, K, was treated as a stoichiomeûic (line) compound, MogTcl i. 

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

ttom tbis diagram that the compositional requirernents suggested by Darby et al!87691 are 

respected at 873K and 973K. 

Mo 
XTc- 

Tc 

Figure 3-43. The Mo-Tc system as evaiuated for this work. 

3.7.3 Therntodynamic Propertres for Mo-Tc Binary System 

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



AG: = X,,XTc[-3882.8-21442XT~+(11+11~Tc)~] Jlmol (3.38) 

AG, = XMOXTc[59650+27437~, -(2o+10xTc)~] Jlm01 (3.39) 

 AG:@,,^"^[ = x,,x, [-28 106 - l50380xTC -(IO - SOX,) T] Jlmol (3.40) 

AG; = x,, X, [O t (O) T] h o 1  (3.41) 

For the compound, K, MosTcr 1, the foiiowing Gibbs energy expressions was used: 

A G , ,  = [-42794.3 ~ 1 3 . 8 2 5 3 ~ 1  Jlmol per &mol Mo9Tcii (3.42) 

Note that equation (3.42) refers to formation from molybdenurn and technetiurn in 

their Liquid states (i-e, Moctid and  TC(^^^). 

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

stoichiometric compound h m  the Mo-Tc system at 1800K is shown in Figure 3-44. 

Figure 3 4 .  Gibbs Ewrgy Isotherm at 1800K for Mo-Tc system. 



3.8 Pd-TC 

3.8.1 Previous Studies of the Pd-Tc System 

Experimental work in the Pd-Tc system has been very limitd. It was speculated 

by Ageev et and verifïed by others (e.g., Compton et al.[671 and Darby et ai.[691) that 

the alioying behaviour of rhenium and technetium would be similar, as they are both 

Group VllB elements (Le., the Mn group). Because of this sirnilarity, it is speculated that 

the system wiii exhiiit 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 ~d-~e[" ) .  

in 1962 Darby et 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 < Xpd < 0.75. Furthemore, two 

phases were identified at Xpd = 0.666. 

A similar study in 1963 by ~ iemiec[ '~~  examined alloys that were anneaied 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 < Xpd < 0.75, approximately at Xpd = 0.73. For 

the solvus between the terminai cph-Tc and the two phase mixture, the boundary must lie 

between 0.47 < Xpd < 0.565, approximately at Xpd = 0.49. 

The cment evaiuation published by the ASM[~*] is presented in Figure 3-45. 



O &J 

Pd ALamic Pcrccnt Tcchnetium Tc 

Figure 3-45. Pd-Tc equilibrium diagram fiom B A P D [ ~ ~ ~ .  

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-soiid phase and cph- 

solid phase were developed fiom this limited data. A tie line between the fcc-solid and 

the cph-solid at 1773K, which satisfied the given data, was extended fiom the fcc-solid 

boundary at Xpd z 0.73 and the cph-solid boundary at Xpd E 0.49. At 1323K another tie 

line, which satisfied the data, was extended fiom the fcc-solid boundary at Xpa r 0.25 and 

the cph-solid boundary at Xpd r 0.47. From this information four independent equations 

were constructed that equated partial properties for each of the elements dong these tie 

lhes. For example, at every temperature dong a tie line the partial properties of 

palIadium in the fcc-soiid and cph-soiid are equal, therefore: 

- f i  -cph 
GPII = GP,~ 

which is quivalent to: 



(3: - ~ p )  = (5% eprh) + (G;? - qfc ) (3.44) 

Each of the three bracketed expressions were rearranged further. The Lirst two 

expressions are equivalent to RT ha, in the particular phase. The third expression is 

simply the differmce in the Iattice stabilities of the two different phases, and is iaown 

(see Section 2.2.2). Thmefore, equation (3.44) was revnitten as: 

-Elcc -E@ R T ~ ~ X E + G P ~  = R T I ~ X ; ~  + G P ~  +(G$ --GE) 13.55) 

Using the Marguies f o r m a l i ~ m ~ ~ ~ ~  in order to represent the excess term with a 

power series and a recursion relationship, the excess Gibbs energy tenus in equation 

(3.45) were replaced with the following: 

- E q h  
and G P ~  = ( ~ ~ ~ [ ( p , - p ~ ) + 2 ( ~ - p ~ ) ~ ~ ~ + 3 ( p ~ - p , ) ( ~ , ~ ) ~ + . . . ]  ( 3 4  

where x,C' and X? represent the concentrations of technetium at either end of the tie 

line, and PO, pi, p ~ ,  pl, etc., represent constants in the recursion formula. In general, there 

is little justification for more than two of these constants and thus values for pz, p3, etc. 

(Le., the higher order terms) are set to zero. Equations (3.46) and (3.47) (with the higher 

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

produce: 

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

temperature, T, and so tbis equation has only two unknowns, po andpr. in order to solve 

forpo andpl a second equation was necessary, and was derived by considering: 
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-/Cr -@ 
Ga =Gr= 

which is equivaient to: 

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

expresseci as: 

Solving equations (3.48) and (3.51) sirnultaneously gave values for po and pl at a 

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

temperature dependence tenn to be introduced for both po and pl. in other words, 

p, = A,, +BOT and p, = A, +BIT. Once values for po and pl were denved, 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 mamer. Finally, fine adjustments to ail the 

constants in the excess Gibbs energy expressions for some or al1 of the phases were made 

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

peritectic temperature). 

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



Figure 3-46. The Pd-Tc phase diagram as evaiuated for this work. 

A visuai cornparison of the phase diagram presented in Figure 3-46, above, and 

Figure 3-45, the diagram published by the ASM, reveals an obvious discrepancy beîween 

the solidus and liquidus lines as they approach the melting temperature of Tc. in order to 

resoIve this, it is necessary to apply the foliowing thermodynamic principle: 

-Lw -Sotid 
Grc = GT~ (3.52) 

-Uqd -=id 
where GTc represents the partial Gibbs energy of Tc at the liquidus and Gn 

represents the partiai Gibbs energy of Tc at the solidus. This is equivaient to: 

-solid (-y -G;,-) = ( G ~  - G ~ I ~ )  +(es -qCW) (3.53) 

Finaiiy, equation (3.53) can be re-written as: 

(RT III xFS) = (RT in X" ) +(mfC"' -TAS;:[') (3.54) 

where R represents the gas constant, T the temperature of interest, x ? ~  th, mole 
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hction of Tc at the liquidus, and X? the mole fiaction of Tc at the solidus. 

Solving equation (3.54) at 2415K, where xTy8 = 0.95 and XY = 0.99 (taken 

h m  Figure 3-45), and using the value for AIfr = 33290 Jlmol provided in TabIe 2-6, 

a relationship for the entropy of melting for Tc can be caiculated, Because the melting 

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

2477K, the relationship hs:C =- TM[' cm 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 caiculated 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 fiom Figure 3-46, where 

~,rp"'d = 0.974 and x,C'd = 0.993, the consequent melting temperature of Tc is 248 lK, 

which is excellent agreement to the accepted value of 2477K. This means that the 

construction of the liquidus and solidus, iilustrated in Figure 3-46, is self-consistent, 

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

A cornparison of the cunent evaluation with the experimental work of Darby et 

ai.F11 and ~ i e m i e c ~ l  is shown in Figure 3-47. The diagram is consistent with the ümited 

experimental work. The position of the two phase region at 1323K suggested by Dahy 

et al.[711 is correct Furthemore, the boundaries proposed by ~ i e m i e c ~ ~ ~ ~  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 fiom Darby et and ~ i e m i e c ~ ~ l .  

3.8.3 Thermodynamic Properiies for Pd-Tc Binary System 

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

AG; = X, X ,  [-500 + 12~1 Jlmol (3.56) 

AG, = xPd X,  [-5962.7 + 4 2 9 6 ~ ~  - (12.92 - 27.1 3 X, ) T] Jlmol (3.57) 

 AG^ = Xpd XTc [20000 + OT] Jlmol (3.58) 

The excess Gibbs energy for the bcc-soiid phase required a positive term (instead 

of O) to prevent the phase becoming stable at high temperatutes. 

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. 

3.9 &Tc 

3.9.1 Prwious Studies of the Rh-Tc System 

Experimental work in the Rh-Tc system bas also been Iùnited. Darby et al.'"] 

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 terminai cph-Tc 

lay in the range 0.5 C XRh 4. Furthemore, at Xm = 0.75, only a trace of the fcc-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 < XRh < 0.75. 



A similar study in 1963 by ~ i e r n i e d ~ l  studied ailoys that were annealed for 20 

hours at 1773K From this work, the solvus between the temiinal fcc-Rh and the two 

phase region must lie in the range 0.955 < XRh, approximately at Xm = 0.98. For the 

solvus between the terminal cph-Tc and the two phase mixture, the boundary must lie 

between 0.658 < XW < 0.763, approximately at Xm = 0.70. 

The current evaluation pubiished by the ASM[~'] is presented in Figure 3-49. 

Figure 3-49. Rh-Tc equiiibrium diagram nom BAPD["'. 

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

Once again there was limited experïmental data to base the thermodynamic 

evaiuation. Nonetheless, from this limited data Gibbs energy expressions for the fcc- 

solid phase and cph-solid phase were developed. A tie üne between the fcc-solid and the 

cph-solid at 1773K, which satisfied the given data, was extended h m  the fcc-solid 

boundaty at XRh s 0.97 and the cph-soiid boundary at XRh z 0.70. At 1323K another tie 

b e y  which satisfied the data, was extended fiom the fcc-soiid boundary at Xm z 0.98 and 

the cph-solid boundary at XRh z 0.33. From this information four independent equations 



wete consüucted that equated partial properties for each of the elements dong these tie 

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

The curent evaiuation is shown in Figure 3-50. 

Figure 3-50. The Rh-Tc system as evaiuated for this work. 
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experirnental work. The position of the two phase regioa at 1323K suggested by Darby 

et d l 1  is correct. Furthemore, the boundaries pmposed by ~ i e r n i e c l ~ ~ ~  at l773K are 

respected. 
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Figure 3-51. Cornparison of the Rh-Tc system as evaluated for this work with the 
experimental work of Darby et al!'] and ~ierniecl~l. 

3.9.3 Thermodynamic Propemês for Rh-Tc Binary System 

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

hGih = X, X, [-28250-1 I 1 9 5 9 ~ ~  +(21.28 + 28.94~~~) T] h l 0 l  (3.61) 

AG: = X, XTc [O + OT] $/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. 



Figure 3-52. Gibbs Energy Isotherm at 1800K for %-Tc system. 
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3.10 RU-TC 

3.10.1 Previous Studies of the Ru-Tc System 

Darby et using X-ray diffraction on a senes of alloys previously annealed at 

973K, determined that there was a continuous senes of solid cph solutions in this binary 

system. Of course, these results do not preclude the posshility 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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3.1 0.2 Evaluation for the Ru-Tc System 

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

solidus form a thin lem. It is also apparent from the diagram that there is not a 

miscibility gap in the solid phase. 

3000 
Liquid 

Solid (cph) 

Figure 3-53. The Ru-Tc system as waluated for this work. 

3.10.3 T'ermodynamic Properties for Ru-Tc Binary System 

As mentioued previously the experimental work performed on this system is 

limite& and thermodynamic measurements have yet to be made. 



3.11 Pd-Rh 

3.11.1 Previous Studies ofthe Pd-Rh System 

Raub et ai.C74*7q were the first investigators to report the existence of a solid state 

miscibility gap in the paliadium-rhodium system. By using X-ray diffraction and classic 

metallographic techniques they determîned that the critical temperature of the miscibility 

gap was 11 18K, and that this occurred at 5 1at,% Rh. Raub et a1.174+7q did not offer 

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

equilibrium diagram. 

Figure 3-54. The soiid miscïbility gap in the Pd-Rh as determined by Raub et al?'. 

al les[^^^ measured, using a torsion-effusion method, the vapur pressure of 

palladium over a series of Pd-Rh aiioys. From these measurements, thermodynamic data 

at 1575K were cdcuiated, and positive deviations h m  ideal behaviour were n ~ t e d [ ~ ~ .  A 

phase diagram was not presented, 

Shield and williamsm investigated the srjtem 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 The explanation 

presented by Shield and William was that their experimental technique was better able 

to distinguish phase separation on a fine scalelv. The critical temperature of the 

miscibility gap was rep~rted[~~' as 1188K k15K at X R ~  = 0.52 k0.02, 70K above the 

temperature proposed by Raub et Shield and Williams offer only a rehed 

version of the solid state miscibility gap, and do not comment on higher temperature 

features of the equilibriurn phase diagram. 

3.1 1.2 The Current ASM Evaluution 

The Pd-Rh system was evaluated by Gürler et al. and summarized by Okamoto in 

the Journal of Phase Equilibria B3*781. Contradictory data is presented on the excess 

properties of mixing for the liquid phase in the paper by Gürler et al.[331. Furthemore, 

Okamoto, in his s~unmas,['~~, confuses the excess properties of mWng for the liquid and 

the fcc-solid phase. The following excess properties of mixing were used in this ~ o r k [ ~ ~ I :  

AG, = X,X, [20027 - 2 2 6 0 ~ ~  -(2.74 - 0 . 5 6 ~ ~ )  T] Ilmol (3.67) 

 AG^^ = X,X, [2l247 + 2 1 9 9 ~ ~  -(2.74 - 0 . 5 6 ~ ~ )  T] J/mol (3.68) 

The excess properties for the hypotheticai cph-solid and bcc-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. 

AG; = X, X, [20920] Jlmol (3.69) 

AG*, = X,X, [20920] Umol (3.70) 

The current evaluation published by the ASM[~" is presented in Figure 3-55. 
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Figure 3-55. Pd-Rh equilibriurn diagra. from BAPD['''. 

The evaluation made using equations (3.6'1) to (3.70) is shown in Figure 3-56. 

-System Pressure is I atmosphere- 

Liquid 

Pd (fcc) + Rh (fcc) 

Figure 3-56. The Pd-Rh system as evaiuated by Gürler et al.P31. 

in a ment paper, Jacob et aLFq measured the activity of rhodium in solid Pd-Rh 

alloys in the temperature range of 950 to 1350K using an emftechnique. From their data 

they derived a pseudosubreguiar solution mode1 for the excess properties of the soiid 
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phase. Their results predict a solid-state miscfiility gap at Xm = 0.55 k0.02 with Tc = 

1210 f5K. This value is stightly higher than the Tc = 1188 kl5K at XRh = 0.52 k0.02 

from previous work by Shield and the Tc = 1183 K at XRh = 0.55 predicted 

by Giirler et al., shown in Figure 3-56 B31; and substantially higher than the early values 

of Tc = 11 18K at XW = 0.51 reported by Raub et a~.['~. 

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

is given by the expression: 

 AG^^ = X,X,(31130+4585X,)-(10.44+1.5IX,)T Jlmol (3.71) 

and these authors propose a phase diagram, shown in Figure 3-57, for the Pd-Rh systern 

which assumes ideal behaviour in the liquid phase. 

P 
E a 

Solid (fcc) t 1500 

0.0 0.2 0.4 0.6 0.8 1 .O 
Pd xii- Rh 

Figure 3-57. The Pd-Rh proposed by Jacob et al., assuming ideal behaviour in the liquid 
phase. For cornparison the evaluation of Gürler et al.a31 is shown with dotted lines. 

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

soiidus and iiquidus lines in this systern, clarification was required. This is addressed in 
90 



the experimental work as differential thermal analysis was performed on a series of Pd- 

Rh ailoys. The results fiom this original experimental work wiii show that the 

equiiibriurn phase diagram is similar to that modeiied by Gurler et which in turn 

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

 les^^^. 



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 M e w o r k  fiom which a complete model for the rnulti- 

component system was derived. 

The multi-component thennodynamic model was developed using the Kohler 

Interpolation scheme, descnied in Section 4.2. In subsequent sections, comparïson of 

phase diagrams that have been developed using the model, with experhnental 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 modelhg a multi-component system fiom its constituent 

binary  stems[^^^, the Kahler InterpoIation scheme, that has been successfully appiied to 

many other metallic systems was utilized for this ~ork[~ ' ] .  The Kohler Interpolation 

scheme, proportionally weights, h m  each binary system, the contniution of the 

thermodynamic property of interest, as gven in equation (4.1). 

G: = (1 - x,~)' Gf + 0 - x,)' G: + (1 - xZ)' G: (4-1) 

This is iilustrated in Figure 4-1, where the Gibbs energy of mixing at point p, is 

estimated fiom the known Gibbs energy of mixing at points a, 6, and c, which are found 

by extending line segments fkom each of the corners on the temary diagram, to the binary 

system on the opposing edge. 



Y a Z 
Figure 4-1. Representation of Kohler Interpolation; the property ( G ~ )  a tp  may be 

estirnated fiom a knowledge of properties at compositions a, 6, and c!'ll 

The fonn 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 comprinents. This methodology has been found suitable 

in many cases as a predictive approach to provide temary 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 tems take the 

form of products of al1 mole fiactions r a i d  to different powers multiplied by a 

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

4.3 Cornparison of Thermodynamic Model with Previous Research 

4.3.1 Data from Kernforschungszentrum Karlsruhe (Prschoal et aL) 

Paschoal et al.[821 have presented an extensive coiiectioa of data, derived fiom 

metallographic examination, X-ray dBaction, and electronprobe micmanalysis (EPMA), 

for temary and quaternary doys in the Mo-Pd-Rh-Ru system at 1973K A cornparison 

of their resuits for the ternary alloys against the developed thermodynarnic model is 

presented in this section. If the thermodynamic model were to be accepted without 



temary excess terms, the predicted ternary phase diagram at 1973K for the Mo-Pd-Rh 

systern would be as shown in Figure 4-2 (Note: on page A-34 of Appendix A, an 

evaluation, previously published[651, that does not include temary excess tenns 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 

(diagrarns shown in Appendh B) of Paschoal et al."'. for example, the two points 

labelled a-k are show ta lie in a region labelied a+B. Also, the &-solid (cph) phase was 

experirnentally detennined to extend well into the centre of the diagram. 
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Figure 4-2. The Mo-Pd-Rh ternary diagram produced without the inclusion of tem 3 tenns in the thermodynamic model- Experimentaily determined phase compositions~ I 
are annotated in the legend, top lefi. Note: a = fcc; fi = bcc; E = cph; and L = Liquid- 



Due to the major discrepancies between the experimentai results fiom Paschoal et 

alY1 and the thermodynamic model that is devoid of ternary excess energy tenns, as 

illusûated in Figure 4-2, ternary excess energy terms were added to the thermodynamic 

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

Table 4-1. Ternary excess energy tems for the Liquid, fcc, bcc, and cph phases. 
-~ - 

Phase Components Ternary Excess Gibbs Energy Term 

Liquid Mo, P 4  Rh G& = X,X;~X,  (-9000) 

Liquid Pd, fi, Ru G&, = XpdX,XRu (-52500) 

bec-solid Mo, Pd, fi GEc = x,X,  X ,  (-19730 + 1OT) 

bcc-solid Mo, p 4  Ru GEc = XM0XPdXRu (40000) 

bcc-sohd MO, Rh, Ru G:~ = X ,  X ,  XRu (-48000) 

Cph-sotid Mo, P 4  Ru GGh = XM, Xpd XRu (-1 5000) + xio xPd X, (-1 30000) 

cph-solid Mo, Pd, fi G& = X ,  Xpd X, (-89730 1 1 0 ~ )  

~h-sof id  Pd, Rh Ru Gih = Xpd X, XRu (-90000) 

fcc-solid Mo, P 4  Rh G: = X,, Xpd X ,  (-197300 + 1 OOT) 

fcc-~olid Mo, P 4  Ru G L  = X,X, X, (-1 15507 t 9T) 

fcc-solid Pd, R h  Ru G, = Xpd XRh XRU (-40000) 

The Mo-Pd-Rh phase diagram, developed with the ternary excess parameters 

iisted 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 Paschoai et aiJ8''. 



Experimental 
Data ~ o i n t s ' ~ '  

O a + Liquid 

A a + €  

O E  

v B + E  

Figure 4-3. Mo-Pd-Rh. Note: a = fcc; = bcc; E = cph; and L = Liquid. 

The Pd-Rh-Ru phase diagram is shown in Figure 4-4. Once again there is good 

agreement between the experirnentally determined data for the phases present[ml and the 

diagrarn predicted by the improved thermodynarnic model. It should be noted here that 

the diagrarns of Paschoal et aLP1 are not welI defined by the data. In essence, the 

boundaries between phases are sketched in such a marner that the phases observed are 

placed within the corresponding regions. An underlying thermodynarnic model is not 

present, so these boundaries must be regarded as best estimates oniy. 



Figure 4-4. Pd-Rh-Ru. Note: a = fcc: E = cph; and L = Liquid. 
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The Mo-Rh-Ru and Mo-Pd-Ru ternary phase diagrams are shown in Figure 4-5 
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region that extends fkom the centra1 &-solid phase to the nght b i n a q  edge (either Rh-Ru 

or Pd-Ru); and the region that lies between the P-solid phase and the &-solid phase. For 

the region that extends fiom the centra1 €-solid phase to the nght binary edge, the 

agreement between the modet 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 involveri, Because the mode1 treats MOSRUS (molid) as a 



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 ternary diagram. 

Experimental 
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Figure 4-5. Mo-Rh-Ru. Note: a = fcc; = bcc; E = cph; and o = tetragonal. 
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Figure 4-6. Mo-Pd-Ru. Note: a = fcc; P = bcc; E = cph; a = tetragonal; L = Liquid. 

4.3.2 Data from Japan (Naitu et al) 

K. Naito et al.["l 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 Fipre 
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Figure 4-7. The Mo-Pd-Ru diagram at 1723K, as proposed by Naito et al.[831. 

It should be noted that there are problems with this diagram dong 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 &-soiid phase exists around XM, = 50 atornic percent. This means 

that the phase labelled a + P is in emr, as is the three phase region labelled E + a + B. 

The Mo-Pd-Ru diagram at 1723K devebped by the improved thermodynamic 

model (Le., Kohier Interpolation with depamire terms) is shown in Figure 4-8. There is 

excellent agreement between the experimentai resuits of Naito et al!831 and the model. 

The two tie lines suggested by Naito et alLa], labelled &-AE and Ca-CE, are well 

replicated by the model. In fact there are only four &-solid phase data points, indicated by 



a filted circle in Figure 4-8, that do not lie within the E-solid phase region, However, the 

three &-solid phase points along the XAlo = 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.[gJ1, since on their diagram the point A, is at XMo = L6.1%, Xpd = 17.3%, 

and XR,, = 66.7%, which should be between the erroneous point and the Mo-Ru edges. 

* in Figure 4-7 4 is cIearIy posiuoned above the Xpd = 20 atomk percent ïhis permits the diagram to be 
dram to inciude the debarable point within the  soii id phase region. 
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Figure 4-8. Comparison of the experimental data fiom Naito et to the proposed 
Mo-Pd-Ru diagram. Note: a = fcc; B = bcc; E = cph; and G = tetragonal. 



4.3.3 Data from Birmingham, England (Gürler ei ai) 

Gürler and ~ r a t t [ ' ~ ~  anneaIed sixteen alIoys in the Mo-Pd-Rh system, and studied 

the phase assemblages of each using optical microscopy, X-ray diffraction, SEM, and 

electron pmbe microanalysis. The results of their experimental ~ o r k [ * ~ l  were compared 

with the thermodynamic mode1 for this temary system at 1373K, shown in Figure 4-9. It 

should be pointed out that the compound MoRhs was withdrawn from the analysis to 

facilitate comparison, since Gürler and ~ratt[@l did not consider it. 

(bec) x m -  (fcc) 
Figure 4-9. Mo-Pd-Rh. The expenmentally detennined points are fiom Giirler and 

pranls4'. Note: a = fcc; p = bcc; and E = cph. 

Giirler and Pratt used their experimental data to develop a compter caiculation of 

1 02 



the Mo-Pd-Rh temary phase diagradaq. Their evaluation at 1373K is shown in Figure 

4-10. By comparing the evaluation shown in Figue 4-9 with that of Figure 4-10, it can 

be seen that the mode1 deveIoped for this work better represents the experimental data in 

the centrai region of the diagram. A copy of the figure fiom the paper by Giirler and 

pradaSI which shows the experinental data is include in Appendix B. 

Rh 

Figure 410. Mo-Pd-Rh ternary diagram at 1373K calculated by GWer and ~rat t [~~I .  

4.3.4 Data fiom Harwell, England (Raines eî a&) 

Haines et are the only researchers to propose ternary phase diagrams that 

involve Tc in combination with pairs of elements fiom amongst the noble metals. The 

methodology that Haines et al. employ is similar to that used in this work, that is building 

upwards fiom binary evaluations. However, it is clear h m  the diagrams of Mo-Tc, Pd- 

Tc, and Rh-Tc that their proposed models do not fit the Iimited experimental data that 



exist for these binary systems. This means that the foundation of their ternary diagrams 

is seriously flawed. 

Tc Pd 
Figure 4-11. Mo-Rh-Tc kom Haines et al.[x61. Note: a = fcc; P = bcc; E = cph. 

The temary phase diagram predicted by the thermodynamic mode1 for Mo-Pd-Tc 

is shown in Figure 4-12. Not that this diagram includes the tetragonal a-phase and the 

compound Mo9Tct 1. 



Figure 4-12. The Mo-Pd-Tc diagram predicted by the thermodynamic rnodei. 
Note: a = fcc; B = bcc; E = cph; E' = cph; a = tetragonal; and K = Mo9TcIl. 



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 W O ~ ' ~ ,  and has been 

included in Appendk A. With such a variety of techniques available, it was necessary to 

clearty 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 

anaiysis and Knudsen ce11 mass spectrometry, used in this work. DiEerential thermal 

anaiysis was selected in order to resolve the controversy surrounding the placement O€ the 

solidus-liquidus on the Pd-Rh equilibriurn phase diagram. This technique provides direct 

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

The second experimental technique, Knudsen ce11 mass spectrometry, measures 

vapour pressures above alloys. Since the primary goal of this thesis is to provide tietter 

insight into the thermodynamic properties of the noble metal albys, it was felt that 

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

This chapter d l  provide an overview of these techniques and how they c m  be 

used to provide thermodynamic information, that in tuni can be used to validate the 

thermodynamic mode1 developed in Chapters 2 h u g h  4. 



5.2 Diiferential Thermal Analysis 

5.2.1 ûverviewofthe Technique 

The differential thermal analysis @TA) technique measures the differences in 

temperature between a reference material and the sample while hoth are exposed to the 

same slow temperature change in a cornmon thermal environment. ui practice the 

reference material is choser; for its thermal stability over the ternperahue range of 

interest. This means that the reference material can not undergo a phase transition. Often 

high puRty dumina is chosen since it fuifils 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 Iess suited to detecting kinetically siower solid-to-solid 

transitions (Le., a transition across a solvus boundary). In the current work, an 

investigation of the solidus-liquidus region of the Pd-Rh binary system was made, but 

because of the limitations rnentioned, the temperatures near the solid state miscibiiity gap 

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

5.2.2 hlerpreting the Results 

A iypicd DTA c w e  is shown in Figure 5-1. For pure materials, according to the 

Amaican Society for Testing and Materials (ASTM) standard ~-967-83['~', the melting 

temperature is given at TF& m. For doys the solidus temperature corresponds to Th, 

wûile the liquidus temperature corresponds to TP& -. 



Temperature (K) 
Figure 5-1. A typicd DTA curve for an 80%/20% PdRh alloy. The soIidus temperature 

is 1866K and the liquidus occurs at 188 1K. 

5.3 Knudsen Ceil Mass Spectrometry 

5.3.1 Ovewiew of the Technique 

The Knudsen ce11 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 wiîh its smoundings, îhere is an associated partial pressure (ofien 

;Cuite low) of the component elements above the surface of that metal or alioy. 

ThermodynamicaiIy this means tbat atoms of a particular species are Ieaving the solid 

phase and entering the vapour phase at equal rates. In experirnentai work, this equality is 

approximated as  a resuit of slow escape of vapour h m  the Knudsen celi. 

A Knudsen ce11 is consûucted fiom a suitably inert refractory material as shown 



in Figure 5-2. There is a srnail cavity w i t b  the ceil into which the vapour phase 

associated with the metal or alloy cm 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 p h a i  pressure of the species of that particular atom, one atom 

will be travelling on the correct path that wiii aiiow it to leave via the pin-hoie in the lid 

of the Knudsen celi. The escaping atom is then ionized and acceierated towards a 

detector that identifies it by its atomic mass. 

Figure 5-2. A typical Knudsen Cell. 

5.3.2 Analysis of the Results 

Upon heating the ceii in a vacuum, a near equilibrated atrnosphere is produced 

above the aiioy. The orifice in the ce11 lid dows a limited beam of atoms to leave the 

ceii, and these atorns are deflected towafds a mass spectrometer, which then counts the 

number of atoms of a given atomic mast  Equation (5.1) is used to convert fiom the 

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



IZi T 
Pi = k,, .ui-y,i.n,i. f .s 

(5.1) 

where, pi represents the pressure of species i in atmospheres; 1, represents intensity, 

measured in counts of a particular isotope, x, of species i; T represents the absolute 

temperature; kSid represents an instrument constant based on a standard substance, often 

silver; a;- represents the ionization cross-section of i; y, 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 i; 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, kA, (= kstd), is determined by caiibtating the mass 

spectrometer against a silver standard. Equation (5.2) provides the relationship for k4, 

where IAg represents the number of counts; TAg represents the absolute temperature; p ~ ,  

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

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

account for the variation in detection sensitivity as a f ict ion of ion mass, 

The orifîce size correction factor,f; is defined by (5.3). This factor accounts for a 

possible orifice size difference between the day of the silver cali-bration and the day of the 

experiment. For the silver caliiration experiment, the orifice diameter was 0.061mm 

(0.024 inches). For measurement convenience, the orifice diameter was measured in 



thousaadths of an inch, ushg carefully cali'brated dnl1 bits. 

(orifice diameter)' 
= (0.024)' 

Finally, the daily correction factor, s, is detennined by comparing the relative 

intensity of the perfluorotribuîyIamine (FC-43) during the experiment, with the intensity 

of the FC-43 fiom the silver calibration experiment. For this experimental work the FC- 

43 peaks at 100, 114, and 119 mu were used since they bracket the atomic masses of the 

species of interest, This variable accounts for daiIy variations within the apparatus and 

enables results fiom different days to be compared. 



6. Experimental Procedures 

6.1 Experimental Materials 

61.1 Mo-Pd-Rb-Ru Alloy Preparation 

Alloys were prepared from high purity powders of molybdenum, palladium, 

rhodium, and ruthenium obtained fiom 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 anaiysis, while the palladium was 

examined by d.c. arc emission spectroscopy. 

Table 6-1. Specifications of the metai powders. 

Element Purity Mesh Size Detected Impurities @pm) 

Mo 99.999% -325 Ai ( ~ 0 2 ) ~  B (<O.OS), Ca (<0.25), Co (~0.02)~ 
Cr (c0.07), Cu (<0.10), Fe (<0.2!5), K (~0.05)~ 
Li (<0.005), Mg (<0.25), Mn (<0.02), Na (<O.OS), 
Ni (<0.07), Pb (<0.02), W (<30), Zn (~0.1) 

Pd 99.9985% -22 Fe (2) 

Rh 99.99+% -22 Cu (14), Fe (<IO), Fe (CIO), Ir (16), Pt (<IO), Si (<IO) 

Ru 99.95% -325 Ag (91, Ai (61, Au (41, Co (41, Cu (31, Fe (81, Ir (<IO), 
Mn (cl), Ni (71, Os (81, Pb (<5), Pd (<20), Pt ( ~ 2 0 ) ~  
Rh (<IO), Si (1 1) 

6.2 DifCerential Thermal Analysis Apparatus 

6.2 1 Sample Preparation 

Appropriate proportions of  palladium and rhodium powders were weighed 

(uncertainty hO.lmg) and the powders were intimately mked with an agate mortar and 

pestle. The compositions of each mixture, dong 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 O. 1 g. 
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Table 6-2. Mass data for Pd-Rh aiioys. 

Pd Rh TotaI mass Pd Rh 
Sam~le (g) (g) (a Mass % Mass % Xpd XRh 

6.2.2 Crucibles 

The crucibles used were a 99.9% high purity Alz03, stabilized with Sioz. A 

schematic diagram of the cruchle is shown in Figure 6-1. The crucible has been 

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

Sample cavity 

Thennocouple cavity 

Figure 61. DTA crucible. AU measurements are in millimetres- 



6.2.3 Configurrrtion of Diflerenlial Tkrmal  Analyser 

A Netzsch Simultaneous Thermal Analyzer STA429 was used to perforrn thermal 

anaiysis on a series of Pd-Rh alloys. The DTA, operating in its Iow temperature mode 

(i.e., Thex = 2023K), uses two aiumina cnicibles, one which contains the sample of 

known mass, the other alumina powder which is chemically stable up to Thlu. The 

cnicibles, manufactured by Netzsch, were bottomcapped cylinders 8mm in diameter and 

13mm deep, A Type B thermocouple (Pt-30%Rh/ Pt-6%Rh) was used to measure the 

temperature from the bottom of the alumina mcible. 

Figure 6-2. A photogtaph showhg the "goal-pt" configuration for the DTA sample 
hol&r. The crucible on the lefi (A) contains the sample, while the mcible on the right 

(B) contains an alumina nference sample. 

in order to calibrate the N e w h  Thermai Analyzer, high purïty samples of silver 

and gold were used in accordance with ASTM standard E-967-83["l. The acccpted 

melting temperatures for silver and gold are lUdK and 1337K, respectively. Pure 

palladium was also used as a sbndard to verify accuracy. The acceptecl value for the 
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melting temperature of Pd of 1827 k3K was confinned 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 dumina crucible and mounted within the DTA, dong side the reference sample. A 

typicai heating profile for each sample is show in Figure 6-3. The temperature for each 

sample was cycled across the anticipated sulidus-liquidus transition five îimes, in order to 

provide replicate data The heating rate was 1OC0/min for the fint four m s ,  and then at 

SCo/min for the fifih nui, to ascertain the effect, if any, heating rate caused. To prevent 

oxidation, an inert atmosphere of high purity nitrogen* was passed into the fùrnace 

chamber at a rate of lOOmWmin for the duration of the experiment Furthemore, for 

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

For Sîages 1.5.9, and 13 tbc iÿmp nie is: +10~~1min. 
For Stage 17 Ihc nmp rate is: +~CO/min. 
For Stages 3,7,11, 15, and 19 the ramp nte is: -l(K?/min. \ 
The nmaining stages are isoBcrmnl for 5 minutes. 

T h e  (min) 
Figure 63. Typical heating profile for each DTA experiment. 

99.999% N2 containing impurities listed as: Oz c Lppm, HzO < 3ppm, Total Hydrocarbons < 05ppm 
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6.3 Mass Spectrometer-Knudsen CeU Apparatus 

6.3.1 Sample Preparution 

Appropriate proportions of molybdenurn, palladium, rhodium, and rutheniun 

powders were weighed (uncertainty kO.lmg) and the powders were intimately mùied 

with an agate mortar and pestle. The compositions of each mixture, dong with the 

atomic hction 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 restriction was loosened to 

approximately 0.5g after the first thtee experiments, in order to make the sampie 

preparation easier. 

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

6.3.2 Knudsen Cell and Crucibles 

Knudsen cells were machined h m  99.9% pure tantalum rods, obtained h m  

Goodfellow Cambridge Limited or Robin Materials. A typical anaiysis of the tantalum, 

as provided by Goodfeilow, is given in Table 6-4, while Table 6-5 shows the typical 

anaiysis of the tantalum rod suppiied by Robin Materials. During machining and 

subsequent exposure to atmospheric conditions, it was expected that a surface layer of 



T a a 5  formed on the tantalum cell. 

Table 64. Typical analysis for the impurities in the tantaium rod supplied by 
Goodfellow Cambridge Limited. Note that N.R. = not reported. 

Element Mass 
@P@ 

Al 5 
B N.R. 
C N.R. 
Ca 2 
Cr 5 
Co 1 
Cu 2 
Fe 30 

Table 6-5. Typical analysis for the impurities in the tantaium rod supplied by Robin 

Element Mass 
@pm) 

H N.R. 
Mg 5 
Mn 2 
Mo 100 
N N K  
Na 1 O 
Nb 4 0 0  
Ni 3 

Materiais. Note that N.R. = not reported. 

Element Mass 
( P P ~ )  

O N.R. 
Si t O 
Sn 2 
Ti 20 
V 5 
W 100 
Zr 1 O 

Element Mass 
( P P ~ )  

Al <5 
B Cl 
C 10 
Ca <5 
Cr CS 
Co -=5 
Cu 4 
Fe <5 

Element Mass 
@pm) 

H CS 

Mg <5 
Mn <5 
Mo CS 
N 4 0  
Na not detected 
Nb 75 

Element Mass 
@pm) 

O 30 
Si 1 O 
Sn <5 
Ti CS 

V N.R. 
W 25 
Zr <5 

Figure 6-4 shows a schematic diagram of the Knudsen Ceii and the ce11 lid. 

important to realize that the diameter of the hole in the ceii iid was not always exactly 

0.610mm (0.0247, since machining to this specification is ciifncult in tantaium. The 

diameter of the hole was measured using drill bit petration, accurate to kO.025mm. 



Ta lid 
0.610mm hole 

Zirconia Crucible 

Sample 

to Pyrometer - 

Ta iid 

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

M e r  machining, the tantalum cells were cleaned in an acid solution of 23% 

HN03, 4% HF, and 73% H20 for an hour, washed in acetone followed by methanol, and 

hai iy  dried in a 150C oven for 30 minutes. 

A Wconia crucible was used as an inner liner, in order to allow samples to be 

easily pkaced in the Knudsen ceIl and also to protect the tantalum crucible should 

accidental melting of the sample occur. From the Ellingham diagrardSg1 zirconia is inert 

to al1 of the nobIe metals. The zirconia crucibles were manufactured by Custom Tech 

Cerarnics of Arvada Colorado. Three different lots of crucibles were prepared by Custom 

Tech for this experimental work. The k t  set of crucibles were purchased in 1997 

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

of 1999. 



6.3.3 Contgurution of Knudsen Cell-Mass Spectrometer 

The con6guration of the Knudsen Ceil-Mass Spectrometer is shown in Figure 6-5. 

The Kaudsen Ce11 was positioned on its mounting tripod in such a marner as to allow a 

direct line of sight for the opticd pyrometer to read the temperature within the blackbody 

cavity of the cell. It was also necessary for the vertical alignment to be such that tiie pin- 

hole in the ce11 lid was aiigned with the top aperhm, which led to the mass spectrometer. 

The furnace chamber and the quadrupole mass spectrometm manufactured by ABB 

Extrel were evacuated to at least ZO?~, a process that took at least 12 hours. 

[onization Gauge Sapphire Window 

, Ti 
Quadruple Mass Spectrometer ! Ion 

10" Pa i Source 

Cold Cathode Gauge 

I I 
C 

to induction Heater 

Figure 6-51. Schematic diagram of  the Knudsen Cell-Mass Spectrometer apparatus. 

A sample was prepared in the appropriate proportions (Table 6-3) and piaced in a 

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

The Knudsen ce11 was tightly sedeci by the lid, and this unit was placed on a tripod stand. 

Figure 6-6. a) The Knudsen ce11 holder, showing the tripod that positions the ce11 in the 
midst of the copper induction coils. Cmlant water flows through the four support 

columns, as well as the copper induction coils. Water enters and exits from the bonom. 
b) Knudsen cell, showing the black body cavity in the si& and the exit hole in the lid. 
The arrow indicates the location for the placement of the ce11 within the induction coils. 

In order to account for the possibility of experimental variations that might occur 

as a result of contruninants king contributed by pieces of the apparatus, a careful record 

was kept conceming various experimental details. For example, aithough the Wrconia 

crucible should be inert to ailoys of Mo-Pd-Rh-Ru, it is possible that one of the 

stabilizing compounds in the ceramic might be a problem*. 

Such a pmblem was discoveced in prcliminary work performed at AECL-Whiteshell. Two diffcmt 
cnicible types were uscd (Le, Wconia stabiliztd with calcia, and hafnia stabilized with calcia) and it was 
found that the measund partial pt~ssun of Pd in a pure Pd sample was significantly ciiffereut for each 
crucible type. The m a s u d  pamal pressiin of Pd was much lower for the hafnia cruciilc, aaâ it was 
decideci that theK typcs of cnmiIs wwld be avoided in funirr work 



Table 66. Experirnental parameters. Note that the sample type is differentiated on the 
basis of being a mixed powder (AI) or a compressed pellet (C). 

Orifice OliFce Size Average Daily 1 
Run 

The 

Crucible Sample Diameter Correction Correction 
Batch Type (inches) Factor (f) Factor (saYg) 

Batch 2 M 0.0315 1.723 1.798 
Pinawa C 0.0 17 0.502 1.756 
Batch 2 C 0.0305 1.615 0.850 
Batch 1 M 0.021 0,766 1.333 
Batch 1 M 0.0235 0.959 1.735 
Batch 1 M 0.0225 0.879 1.625 
Batch 1 M 0.032 1.778 0.896 
Batch 1 M 0.033 1.89 1 1.170 

mass of the experimental assembly was determined before and after each 

experimental m. The experllnentai assembly consists of the Knudsen ce11 and lid, the 

sample crucible, and the sample (uncertainty in each measurement kO.lmg). Mass lost 

during the experiment was attribut& to vaporization of Pd. This data is presented in 

Table 6-7, dong with the consequences of Pd vaprization on the compositional fiaction 

of Pd in the sample. 

Table 6-7. Cornparison of the initial and &ai mass of the assembly for each m. 

Initial Mass Final Mass Mass Loss Initial Final 
Run &) (g) (g) X P ~  X P ~  



7. Experimental Results and Discussion 

7.1 Preliminary Remarks 

The experimental results will be presented in two distinct sections: those results 

from the Differentiai Thermal Anaiysis of Pd-Rh ailoys; and the results fiom Knudsen 

C d -  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 f h t  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 ailoy being analyzed. During the heating of the ailoy in either the solid or liquid 

phase region, the temperature d i f f i c e  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 ail runs, a 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 al1 the experimental 

m. For the pure palladium sample, the average melting temperature was 1827.1K, 

which agrees with the literahue value of 1827K The uncertainty in the rneasurement 

was I3K. A summary of al l  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 GürIer et shown in Figure 7-2 and in detail on Figure 7-3 



17s  law 1827K IW tm 

Temperature (K) 

Figure 7-1. A typical set of results for the DTA experiments. in this case the sample 
was pure Pd. Five runs were performed- 

TabIe 7-1. Summary of the results fiom the DTA experiments. 

T~ol idur  T ~ i ~ u i d u r  
Sample XPd XRh 0 (K) 
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Figure 7-2. Cornparison of the results fkom the cwrent work with Gürier et al.[331. 

Figure 7-3. 
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Liqyid 
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1 

Enhanced diagram showing solidus and iiquidus results h m  this work. 

7.3 Knudsen CeU- M a s  Spectrometry Experiments 

For each experiment the data acquired consistai of a continuous specûum of 

counts (representing intensity) at atomic mass uni& in intervals of O.lamu. A typical 



spectnun of intensity (in counts versus m u )  is shown in Figure 7-4. There are two 

potentiai methods of recordhg 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 d e ,  and the area for a particular isotope, "~d ,  is: 

p d  area fi. = ($1 [(z5 "+Pei) + (g .'+Pd)) 

where X = 102, 104, L05,106,108, or 110; dr represents the interval at which counts are 

meanind (in this case Ax = 0.1); and '+fd represents the measured number of counts 

Atomic Mass Unit (arnu) 
Figure 74. A typical spectrum of intensity versus amu, for the range of lOOamu to 

1 1 lamu. For the six Pd isotopes, the correspondhg peak (maximum value) is indicated. 
The area under the intensity at 'O?d is marked by the hatched region. 

The second method for interpreting the intensity data is to consider the maximum 

ùitensity value at the correspondhg peak. in the case ilIustrated in Figure 7-4, the 

maximum peaks and coxresponding atomic mas  unit are indicated. 



A cornparison 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 sarne 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. Cornparison of peak area method to the maximum intensity UM,) method. 

Peak Area IMU 1 
Peak Area ReIative [MU Relative Nataral 1 

For each of the eight experiments, s, the daily correction factor (fiorn equation 

(5.1)) was calculated by analyzhg the intensity of three peaks from a FC-43 spectrum, 

and cornparing these values to a calibration standard. The results of these runs are shown 

in Table 7-3, dong with the caliiration standard and the value fors, determined for each 

experiment. The value for s is calculated by dividing the measured intensity of a 

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

Isotope (counts) Proportion (counts) Proportion Abundance 

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

presented in Table 7-3. This value was calcuiated using equation (5.3). 

lo2pd 
IWpd 
'05pd 
'06pd 
lo8pd 
"Opd 

215 0.8% 
3 135 12.2% 
6755 26.3% 
6680 26.0% 
6345 24.7% 
2600 10.1% 

500 1.2% 
4700 1 1.2% 
9800 23.4% 

1 1200 26.8% 
11300 27.0% 
4300 10.3% 

1.02% 
11.14% 
22.33% 
27.33% 
26.46% 
1 1.72% 



mifice size Table 7-3. The data used to calculate the daily correction factor, S. Also the 
correction factor,f: 

Run 100 amu 114 amu 119 amu s l ~  ~11.4 ~ 1 1 9  slvg 

The mass-sensitivity correction standard, y,, (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, y, was assurned to be unity. 

Ag Std 614.6 218.9 477.0 
1 1130.0 362.0 907.4 
2 977.9 418.0 843.7 
3 537.6 176.6 414.0 

4 531.4 201.4 430.2 

5 623.0 394.3 565.2 
6 820.0 500.2 756.5 
7 781.7 470.0 694.9 
8 620.4 291.8 557.0 

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 73. Isotopic abundance for palladium. 

1.839 1.654 1.902 
1.591 1.910 1.769 
0.875 0.807 0.868 
0.865 0.920 0.902 

1.014 1.801 1.185 
1.334 2.285 1.586 
1.272 2.147 1.457 
1.009 1.333 1.168 

FinalIy, the ionization cross-section for Pd at 62eV, aph was taken to be 5.50 x 

10-I6 cm2. This value was estimateci fiom the value presented in Section 2.3, which was 

for Pd at 32eV. 

1 27 

1,798 
1.756 
0.850 
0.896 

1.333 
1.735 
1.625 
1.170 

Isotope Pd Isotope Pd 
(am@ (%) (am@ (%) 

102 1 .O2 
104 11.14 
105 22.33 

106 27.33 
108 26.46 
110 11.72 



7.3.1 Results for Pure Elements 

7.3.1. t 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, kAgy fiom equation (5.1) be determined. It also provided a rneasure 

of the apparatus. The sigaal produced by introducing the FC-43 standard at the 

conclusion of the silver expenment 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 sarnple of pure Pd. The results are shown in Table 7-5 at eight 

Table 7-5. intensity @eak maximum) data for Sarnple 1. 

Equaîion (5.1) shows îhat the pressure for a given isotope of palladium is 

proporîional to the iutensity multiplied by the temperature. Table 7-6 shows these values 

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

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

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

1 
a lhear relationship between ~ [ I - T ]  and - as expected fiom equation (SI), when 

T 

dlnP AH' 
combined with the Van't   off equation1891, - = -- . 

d(%) 
R 

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

abundant isotopes (each accounting for 4 5 %  of natural Pd) '05pd, '-dl and lo8pd at the 

top; '?d and li%d (each =Il% of natural Pd) in the middle; and 'OZpd at the bottom. 

Because equation (5.1) accounts for the isotopic abundance, (Le., nXi), in theory 

the partial vapour pressure of Pd calculated using each isotope should be equivalent. 

Using the data fiom edch of the six isotopes, it is now possfile to determine the partial 

vapour pressure of Pd by six independent calculations using equation (5.1). In the resdts 

that foliow, total Pd pressures are repomd, but expressed in tenns of the isotope that was 

used in equation (5.1). 



1/T (KI 
Figure 7-5. Naturai log (I*T) versus 1/T for the primary isotopes of Pd for Sample 1. 

Three general trend iines has been added. 

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 anaiysis. Figure 7-6 shows the results of h e a r  

regression for each isotope of palladium. 

0.00056 0 . 0 5 7  0.00058 0.00059 O.OQ060 0.W061 0.00062 0.00063 O.MM64 

6) 
Figure 7-6. Results of the regression data for Satnple 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 '02pd, ??d, and ''@Pd are the least abundant of the six 

isotopes, the intensity of their signal was generalty insufficient for analysis purposes, 

especially at lower temperatmes. In this and subsequent analysis, only the three most 

abundant isotopes of Pd will be reported, since counting statistics were ofien 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 hear  regression analysis for Sample 1. 

- 
Isotope m (dope) b (intercept) R~ 

lo2pd -778.1 1 1.5716 0.6715 
'04pd -1085.70 1.8088 0.8578 
'OSpd - 1206.27 1.9002 0.9870 

'06pd -1 148.03 1.8700 0.9739 
'08pd -1265.27 1.9385 0.992 1 
' 1°pd -985.38 1 .7580 0.9497 

Using values off = 1.723, s = 1.798, kA, = 8.28 x 1oL7, and cpd = 5.5 x 10-I6 cm2, 

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 h m  the thermodynamic model. 

T '05pd '"6Pd 'OBpd Mode1 
(K) (x lo60tm) (x1o6atm) (x lo6atm) (x 106atm) 



l 
plot of In p,,md vs - is shown in Figure 7-7. 

T 

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 (dope) b (intercept) 

-46558 0.9900 

-45780 0.98 15 

-4800 1 14.930 0.996 1 

By taking the averages for the slope and intercept, an expression for the Pd partial 

pressure as a tùnction of temperature was calculated to be: 



This expression can be compareci with the equivalent expression for the literature 

value["]: 

It can be seen that the agreement is respectable. From equation (7.2) the heat of 

sublimation is calculated as 388929 Jhol, while the iiterature value, obtained h m  

equation (7.3), is 360437 Jlmol. The difference is 28492 Jlmol or about 8%. 

Furthemore, 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 tantalm crucible and then effiising. 

The results for palladium pmvide a measure of how well Pd can be measured by 

the apparatus. By refemng to Table 7-8, it was shown that the results for each O€ 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 

ofppd in equation (5.1), and these are summarized here: 

1. I: the intensity was determinai by subtracting two spectra- one memured 
when there was an open path to the detector and the other when the path was 
obstmcted (Le., a background count). Both measurements were rounded to 
the nearest 100 counts. In a 10000 count intensity reading the error wouId be 
less than 1%; 

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

3. fi- the measurement of the orifice diameter is It0.001 inches. For an orifice 
diameter of 0.030inches, this can result in a 7% error in the value off. This 
error is compounded by the fact that there are two measurements involved- the 
sample and the silver standard; 

4. s: the daiiy correction factor is cdculated 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, tben a 
reasonable estimate is between 1520%; 



5.  a-: the ionization cross-section for Pd was estimated fiom literature values. 
As there is littie experimental evidence to support the estimated value, it codd 
in errm by as much as a factor of 2. in other words, a value of 2.8 x 1 0 " ~  cm2 
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 

h m  the literature values, were incorporated into this term, an ionization cross-section of 

1.4 x 10"~ cm2 wouid 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, apd. Since, 

where c* represents the constants fiom 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 aiioy and the pure sample, cancel themselves. This 

removes the necessity for reîïning the precision in the ionization cross-section, apd. 

There is, however, error still associated with the experiment-to-experiment variables 

(e-g., f and s) that are not eliminated. In the subsequent resuits, the relative partial 

pressures of the aUoy and pure palladium (calculated by equation (7.2)), will be reporte4 

since this is al1 that is necessary to test the thetmodynamic models. 



7.3.2 Single Phase Alloys 

7.3.2.1 S m l e  2 - 22.8%Pd/77.2%Rh 

The intensity results for Sample 2 are shown in Table 7-10. Only S e  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) lWpd '06pd 'Ospd 

1741 300 400 500 
1799 700 900 800 
1850 1200 900 1100 
1893 2100 2000 1900 
1922 3000 2700 3200 
1953 2600 3 100 2700 1 1982 3 700 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. 



LIT (K) 

Figure 7-8. Natural log (PT) 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- 1 1 along with an 

R' assessrnent of adequacy of fit. The slopes of the linear regression lines from the three 

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

Table 7-11. Data for the Iinear regression analysis for Sarnple 2. 

Isotope m (dope) b (intercept) 

- 1 102.2 0.9766 
0.9799 

-993 -7 1.7042 0.9809 

1 
A plot of ln p vs - is shown in Figure 7-9. 

T 



Figure 7-9. Plot of the Natural Logarithm of the Computed Partial Pressure for Pd 
against Reciprocal Temperature for Sample 2. 

The coefficients of the linear regression are presented in Table 7-12 along with an 

R' assessrnent of adequacy of fit. The slopes of the linear regression lines in Figure 7-9 

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

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

lsotope m (dope) 

6.649 0.98 1 1 
-36938 6.219 0.9803 

-3443 1 4.946 0.9795 

1 Model -42928 12.5 12 1 

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

alIoy can be derived, equation (7.5). 



From equation (7.5) the heat of sublimation in this temperature range is calculated 

as 302kJ/moi, which compares to the predicted value of 357kJ/mol. The difference is 

SSkT/rnol 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, dong 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 rnixing 

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 rnixing for Pd; and the 
partial Gibbs energy of mbcing as calculated by the thermodynarnic model for Sample 2. 

Experimental Experimental Mode1 
Tempe rature P p d  AG", AC: 

(K) ~ P d c m u ~ i  0rJImoi) (kJ1mol) 



8 phases: fcc , 1 ,/ Temperature increases . . ' 

O 
0 

Predicted Partial AS: (J/mol) 
Figure 7-10. Comparison of Measured Partial Gibbs energy of mixing with the PartiaI 

Gibbs energy of mixing predicted by the model. Sample 2. 

7.3.2.2 Sam~le 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) 'O?d '06pd '08pd 

A plot of the naturai log of intensity muitiplied by temperature versus the 

reciprocal of temperature for the 52.8%Pd/47.2%Rh sample is shown in Figure 7-1 1, 

along with the results of the linear regression analysis. 



0.00051 0.00052 0,000SJ O.Mo54 0.00055 0.00056 0.0057 0.00058 0.00059 

(KI 
Figure 7-11. Namal log (I*T) versus 1/T for the primary isotopes of Pd for Sarnple 3 

aiong with the results of the regression analysis. 

The linear regression analysis for Sample 3 is shown in Table 7-1 5.  The average 

dope 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) 

-1413.7 1.973 8 0.9904 

'Odpd -1357.9 1.9474 0.9896 
-1418.6 1.979 1 0.9898 

1 
A plot of In p ,,,-d vs - is shown in Figure 7- 12. 

T 
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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? assessrnent of adequacy of fit. The slopes of the linear regression lines in Figure 7-12 

have a mean value of -5 1200 and a standard deviation of 1084. 

Table 7-16. Linear regression analysis for SampIe 3. The dope provides a measure of 
the partial heat of rnixing for Pd. 

Isotope m (siope) b (intercept) R~ 

1°?d -51558 16.070 0.9855 
"5'd -49982 15.155 0.9847 
'@"Pd -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). 



From equation (7.6) the heat of sublimation in this temperature range is calculated 

as 426Wmo1, which compares to the predicted value of 367Wmol. The difference is 

58Wmol 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, dong 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 cornparison 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 aiioy 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. 

1 Experimental Experimental Mode1 1 



Predicted Partial AG: (Jlmol) 
Figure 7-13. Comparison of Measured Partial Gibbs energy of mixing with the Partial 

Gibbs energy of mixing predicted by the model. Sample 3 .  

The intensity results for Sample 4 are shown in Table 7-18. 

Table 7-18. Intensity (peak maximum) data for Sarnple 4. 

Temperature 
(rc) '"5Pd '0"Pd Impd 
1715 1100 900 800 

A plot of the natural Iog of intensity multiplied by temperature versus the 
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reciprocal of temperature for Sample 4 is shown in Figure 7-14. 

Figure 7-14. Natural log O*T) versus I/T for the primary isotopes of Pd for Sample 4 
aIong with the resuits of the regression analysis. 

The results of the linear regression are presented in Table 7-19. The data f?om the 

three rnost 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. 

I Isotope m (siope) b (intercept) R' I 

I 
A plot of In p v s  - is shown in Figure 7-7. 

T 



Figure 7-15, Plot of the Natural Logarithm of the Computed Partial Pressure for Pd 
against Reciprocal Temperature for Sarnple 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 

bave a mean value of -2876 1 and a standard deviation of 15 15. 

Table 7-20. Linear regression analysis for Sample 4. The dope provides a measure of 
the partial heat of mixing for Pd. 

Isotope m (dope) b (intercept) R' 

' P d  -274 15 2.664 0.9872 
'06pd -3 0402 4.157 0.9739 
' v d  -28467 3.035 0.964 1 

Model -43 848 12.550 

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

ailoy can be derived, equation (7.7). 



From equarion (7.7) the heat of sublimation in this temperature range is calculated 

as 239kJ/moI, which compares to the predicted value of 365kJ/rnol. The difference is 

1255W/mol or 34% lower thm predicted. 

The calculated ratio of the partial pressure for Pd over the alloy to the measured 

partid pressure of pure Pd, dong with the partial Gibbs energy of niwng for Pd in the 

a h y  and as predicted by the model are listed in TabIe 7-21. A cornparison of the 

measured partiai Gibbs energy of e n g  with the partial Gibbs energy of mixing 

predicted by the model is shown in Figure 7-1 6. 

Table 7-21. Computed are: the ratio of the partial pressure for Pd over the alloy to the 
measured pdd pressure of pure Pd; the partial Gibbs energy of mixing for Pd; and the 
partial Gibbs energy of mixiig as calculated by the thennodynamic mdei for Sample 4. 
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Predicted Partial AG: (Jlmol) 
Figure 7-16. Cornparison of Measured Partial Gibbs energy of mixing with the Partial 

Gibbs energy of mixing predicted by the model. Sample 4. 

7.3.2.4 Samole 5 - 20. I%Mo/30. i%Ru/19.%Pd/29.9%Rh 

The intensity results for Sarnple 5 are shown in Table 7-22. 

Table 7-22. intensity (peak maximum) data for Sample 5. 

Temperature 
0 ' 9 d  '06pd lo8pd 

1703 1200 1 LOO 1 O00 
1723 1800 1 IO0 1300 

A plot of the natwal log of intensity muItiplied by temperature versus the 
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reciprocal of temperature for Sample 5 is shown in Figure 7-17. 

Figure 7-17. Natwal log (I*T) venus IR for the primary isotopes of Pd for Sample 5 
along with the results of the regression analysis. 

The results Crorn the linear regression analysis are presented in Table 7-23. The 

average dope 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 (dope) b (intercept) 

-943 -3 1.7171 
-933 -7 1.7121 0.9373 
-1051.5 1.7755 0.9680 

1 
A plot of ln P , , ~ ~ . ~ ~  vs - is shown in Figure 7-18. 

T 



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 

assessrnent 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 2 122. 

Table 7-24. Linear regression analysis for Sample 5. The slope provides a measure of 
the partiai heat of mixing for Pd. 

Isotope m (slope) b (intercept) R~ 

lo5pd -3 3 242 5,920 0.9668 
'06pd -32870 5.223 0.9372 
lQpd -36718 7.622 0.9705 

Mode1 -43 800 12.559 

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

alloy can be derived, equation (7.8). 



From equation (7.8) the heat of sublimation in this temperature range is caiculated 

as 285kT/mol, which compares to the predicted vaiue of 364kJlmol. The ciifference is 

79Wmol or 22% lower than predicted. 

The calculated ratio of the partial pressure for Pd over the aiioy to the measured 

partial pressure of pure Pd, dong with the partiai Gibbs energy of mixing for Pd in the 

ailoy and as predicted by the model are listed in Table 7-25. A comparison of the 

measured partial Gibbs energy of mixing with the partid 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 mLuing for Pd; and the 
partial Gibbs energy of mixing as caicuiated by the thermodynamic model for Sample 5. 

1 Experimental Experimental Model 



phase: cph 

Predicted Partial AG: (Jlmol) 
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 Samule 6 - 20.3%Mo/39.9%Ru/19.8%Pd~2O.O%Rh 

The intensity results for Sample 6 are shown in Table 7-26. 

Table 7-26. Intensity (peak maximum) data for Sarnple 6. 

Temperature 
(KI '05pd '06pd 'OSpd 
1661 300 3 O0 300 
1686 400 500 400 
1705 500 400 600 
1734 900 800 600 
1760 1 O00 700 700 

1787 1600 1300 1400 
1813 2300 2200 1500 
1833 2200 2400 1600 
1853 2800 3000 3 200 
1875 3900 3600 2800 

A plot of the naturai log of intensity muItipIied by temperature versus the 

15 1 



reciprocal of temperature for Sample 6 is shown in Figure 7-20. 

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 tiom the Iinear regression anatysis are presented in Table 7-27. The 

average siope ofthe line is -1 135.4 with a standard deviation of 61.5. 

Table 7-27. Data for the Iinear regression analysis for Sample 6. 

Isotope m (dope) b (intercept) 

-1 171.5 1.8245 0.9868 

-1 170.4 1.8219 0.9643 

- 1064.4 1.759 1 0.960 i 

1 A plot of In P,,,-~ us - is shown in Figure 7-21 
T 
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Figure 7-21. Plot of the Natural Logarithrn of the Computed Partial Pressure for Pd 
against Reciprocd Temperature for Sarnple 6. 

The coefficients of the linear regression are presented in Table 7-28 along with an 

R* assessrnent of adequacy of fit. The dopes of the linear regression lines in Figure 7-21 

have a rnean value of -37665 and a standard deviation of 2182, 

Table 7-28. Linear regression analysis for Sarnple 6,  The slope provides a rneasure of 
the partial heat of mixing for Pd. 

Isotope m (dope) b (iatercept) R~ 

'OSPd -3 8942 8 .572 0.9880 
'Obpd -3 8907 8.285 0.963 1 

'08pd -35145 6.089 0.9545 

Model -43548 12.469 

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

aIloy can be derived, equation (7.9). 



From equation (7.9) the b a t  of sublimation in this temperature range is calculated 

as 313kJ/moI, which compares to the predicted value of 362kJ/mol. The dserence is 

49kJ/mol or 14% lower than predicted. 

The caiculated ratio of the partiai pressure for Pd over the ailoy to the measured 

partial pressure of pure Pd, dong with the partial Gibbs energy of mixing for Pd in the 

alloy and as predicted by the mode1 are listed in Table 7-29. A cornparison of the 

rneasured partial Gibbs energy of mixing with the partial Gibbs energy of mixing 

predicted by the mode1 is show in Figure 7-22. 

Table 7-29. Computed are: the ratio of the partial pressure for Pd over the alloy to the 
measured partiai pressure of pure Pd; the partial Gibbs energy of mixing for Pd; and the 
partial Gibbs energy of mîxing as calculated by the thermodynamic modei for Sample 6. 

Experimental Experimental Modei 
T e m ~ e m r e  PM ,,,&y,l A& AG", 

(KI . 
P~d(purir) 

(kJlmol) (kJlmol) 

1661 0.341 -14.9 -15.5 
1686 0.314 -16.2 -15.9 
1705 0.296 -17.3 -16.1 
t 734 0.271 -18.8 -16.5 
1760 0.250 -20.3 -16.9 

1787 0.231 -21.7 -27.2 
i 1813 
I 

0.215 -23.2 -17.6 
0.204 -24.2 -17.9 
0.193 -25.3 -18.1 
0.182 -26.5 -18.4 
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Predicted Partial AG: (llmol) 
Figure 7-22. Cornparison of Measured Partial Gibbs energy of rnixing with the Partial 

Gibbs energy of rnixing predicted by the modei. Sample 6. 

1.3.3 Tiuo Phase Alloys 

The intensity results for Sample 7 are show in Table 7-30. 

Table 7-30. tntensity (peak maximum) data for Sarnple 7. 

1793 500 700 800 
1827 900 1300 1200 
t 857 1100 2 LOO 1300 
1886 2000 1600 1700 

1916 23 O0 2100 2800 

1944 2300 2700 2800 
1962 2300 2700 2600 

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

reciprocal of temperature for the Sample 7 is shown in Figure 7-23, 



Figure 7-23. Natural log (I*T) versus l/T for the primary isotopes of Pd for Sarnple 7 
along with the results of the regression analysis. 

The results fiom the linear regression analysis are presented in Table 7-3 1. The 

average dope of the line is -888.8 with a standard deviation of 118.1. 

Table 7-31. Data for the Iinear regression analysis for Sample 7. 

[sotope m (dope) b (intercept) 

-1023.71 1.7 140 0.906 1 
-803 -94 L -6027 0.8580 

-838.76 1.6212 0.9384 

1 
A plot of lnp,,we-, vs- is shown in Figure 7-28. 

T 



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 Iinear 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 heat of mhing for Pd. 

isotope m (dope) b (intercept) R~ 

1°?d -34544 5.140 0.9 140 
'Obpd -27608 1.435 0.8722 
'0"Pd -288 15 2.109 0.9388 

Model -43071 10.884 

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

aIloy can be denved, equation (7.10)- 



From equation (7.10) the heat of sublimation in this temperature range is 

caiculated as 252Wmo1, which compares to the predicted value of 358Wmol. The 

diffaence is 106idmol or 30% lower than predicted. 

The calculated ratio of the partial pressure for Pd over the d o y  to the measured 

partial pressure of pure Pd, dong with the partial Gibbs energy of rnixing for Pd in the 

ailoy and as predicted by the mode1 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 s h o w  in Figure 7-25. 

Table 7-33. Computed are: the ratio of the partial pressure for Pd over the d o y  to the 
measured partiai pressure of pure Pd; the partial Gibbs energy of mixing for Pd; and the 
partial Gibbs energy of mixing as caicdated by the thermodynamic model for Sample 7. 

1 Experimental Experimental Mode1 
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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 Samde 8 - 70.O%Mo/10.O%Ru~10.O%Pd/10.0%Rh 

The intensity results for Sample 8 are show in Table 7-34. 

Table 7-34. htensity (peak maximum) data for Sample 8. 

A plot of the naturd 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 UrT) versus 1/T for the pnmary isotopes of Pd for Sample 8 

along with the results of the regression analysis. 

The results fiom 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 (dope) b (intercept) 

-999.2 1 1.7297 0.9323 

-1001.80 1.733 1 0.9750 
- 1063 -3 1 1.7640 0.92 18 

I 
A plot of In pMhfd vs - is shown in Figure 7-27 

T 
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Figure 7-27. Plot of the Naturd Logarithm of the Computed Partial Pressure for Pd 

against Reciprocal Temperature for Sample 8. 

The coefficients of the linear regression are presented in Tabie 7-36 along with an 

R~ assessment of adequacy of fit. The slopes of the linear regression lines in Figure 717 

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 (dope) b (intercept) R' 

' V d  -34120 5 -484 0.9384 
'06pd -3 448 5 5.553 0.9715 
'Ospd -36111 6.378 0.9298 

Model -42098 11 .O96 

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

ailoy can be derived, equation (7.11)- 



From equation (7.11) the heat of sublimation in this temperature range is 

calculated as 290Wmo1, which compares to the predicted value of 350kJ/mol. The 

difference is 60Wmol or 17%. 

The caiculated ratio of the partial pressure for Pd over the ailoy to the measured 

partial pressure of pure Pd, dong with the partial Gibbs energy of mixing for Pd in the 

ailoy and as predicted by the model are tisted in Table 7-37, A compm-son 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 ailoy 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 mode1 for Sampie 8. 



Mode1 (RT ln [$,]) 

Predicted Partial (J/mol) 
Figure 7-28. Cornparison of Measured Partial Gibbs energy of mixing with the Partial 

Gibbs energy of mixing predicted by the model. Sample 8. 

Z 3.4 Summav of the Resulîs - Ratioriale for Conctuding kperimentation 

7.3.4.1 Saturation of the Knudsen Cell 

tn analysing the results for possible reasons to account for the discrepancies 

between the measured partiat 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 al1 cases the heats of sublimation caiculated fiom the results agreed with the heats of 

sublimation predicted by theory. This suggests that saturation did occur. Furthemore, 

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 Anaivsis 

A cornparison between the measured partial Gibbs energy of mixing with the 

partial Gibbs energy of mixing predicted for d l  seven aIloys at 1800K is shown in Figure 



1 Temperature is l8OOK 

2 (fcc) 

* . . y '  t(cph+bcc) 
;L.- .... "@ ............. 

..' X =0.0931 . . .  . . . - .-."Pd_- - +.. .- . . 

8 (cph -t bcc) -xi? fyfO0- 

Predicted Partial AG: (Jlmol) 
Figure 7-29. Cornparison of Measured Partial Gibbs energy of mixing with the Partial 

Gibbs energy of mixing predicted by the model for ail 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% hlo 19.8% Ru 20.2% Pd 39.7% Rh 
Sample 5: 20. L% Mo 30.1% Ru 19.9% Pd 29.9% Rh 
Sarnple 6: 20.3% 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 SampIe 2. 

By computing the partial pressures of the dloys relative to the measured partial 

pressure of pure Pd, the need for exactly determining the ionization cross-section, apd,  



was eliminated. However, mrs associated with the variations in the experiment-to- 

experiment parameters, namely f and s, were reduced but not etiminated. 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 partid Gibbs energy of rnixing for Pd. 

The predicted partial Gibbs energy of mixing for Pd was calculated by: 

where Xpd represents the mole fiaction of Pd in the dloy, and ypd 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 emrs in the excess term. During each 

experiment, mass loss occurs in the sample and this was attributed to vaporization of Pd. 

Therefore, the mole hction of Pd varied siightly over the course of the experiment. The 

error in the ideal term was ascnied 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. 

The error in a generally maII excess tenn was judged to be 50%. In absolute 

terms the maximum error was 55ûûJ/mol (SampIe 2). The total error for the predicted 

partial Gibbs energy of mùang for Pd was the sum of the error in the ideal term and the 

excess t m .  



7.3.4.3 Further Emerimentation 

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 CO& agreement between the measured 

and predicted partial Gibbs energies of mixing for f d.. . as well as one might expect at 

1800K. The one outlying point in Figure 7-29 is the resdt fiom Sample 2, which lies 

well off the iine 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 ce11 lid. From Table 6-6, it can be seen that the 

zirconia crucible was fiom the Pinawa batch (unlike any of the others) and the orifice 

diameter was much smaller than that for any other sample. In addition, Sarnple 2 was the 

first experïment involving an aiioy. Any or al1 of these three factors may have caused 

this outlying point. 



8. Application of the Thermodynamic Made1 to Provide an Imprsved 
Fission Product Release Mode1 

8.1 Preliminary Remarks 

As mentioned previously, a rupture in the water coolant system of a CANDU 

nuclear reactor could lead to a Ioss-of-coolant-accident. For the purposes of safety 

analysis, modelling the behaviour of the fiel rodicladding systern is extremely important 

(see Appendir E). By understanding the behaviour of the fùel 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,(L21. 

A modified schematic diagram describing the fission product reIease 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. 

Refease to containment: k, 
Xgar snemn 
-0 

A- 
' 4  4 

Figure 8-1. A modified schematic diagram of the fission product release model. 



The - mixture resulting nom reaction (8.1) estabiishes the oxygen potential 
4 0  

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 infiuence how much Hz 

may be produced, and aiso affect the overall proportion of gas (Hz and HzO) to oxide 

fùel. These variables and the temperature determine the boundary conditions for 

themodynamic 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, Ri, c m  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 typicai inventory of U02 fuel after bum up consists of up to 60 elements*, the 

number of possible gaseous species that can result is very large. Obviously, calcuiations 

that are species and temperature specific wouid be voluminous, time consumïng, and 

unwieldy to be effectively us& in any safety andysis. 

The fission product release mode1 pubiished by Lewis et al!"] 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 lOOOK to 3000K was selected. From 1000-2000K 
calculations were perfonned ai 50K intervais. Above 2000K, the intewai was 
100K; 

2. Reducing or Oxidizing Conditions- this was set by establishuig the hydrogen 

The fission product inveniory predicted by the ORIGEN2 cod$' has 60 eIements; 26 are at trace levels. 

168 



sas to stearn ratio, 5. Values used: los, IO', 1o3, 102, IO, 1,O. 1, and 0.01. 
-0 

As mentioned previously, hydrogen gas is expected to develop as a result of 
the reaction of the Zircalloy cladding with water vapour; 

3. Fission Product-to-Atmosphere Molar Ratio- calculated fiom the ratio of Cs to 

total atmosphere (Le., 
Cs 

). Values for this ratio: lo4, IO-', and 1 0 ~ .  
(H, + H,O) 

By using the ORIGIN2 code[21, the fission product inventory in a singIe channel 

of a CANDU reactor containing 13 bundles of uranium dioxide fuel with an equiliirium 

bum up of 100 MWhkg U was calculated, shown in Table 8-1. 

Table û-1. Inventory of the fission products in a single channel of CANDU fùel with an 
equilibrium bum up of 100 MWh/kg u[~]. 

For a typical reaction of one channel in a CANDU reactor, the reactants would be 

Element Inventory Element Inventory Element Inventory 
(moles) (moles) (moles) 

expressed as: 

U* 1014SO 
Pu 2.754 
Zr 1.442 
Mo 1.15 
Ru 0.899 

where n represents the exponent of the ratio of Cs (0.745moles) to total atrnosphere (Le., 

In subsequent calculations aii uranium present initially was considered to be m the chernid fom UO,. 
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Nd 0.859 Pr 0.265 Eu 0.025 

Cs 0,745 
Sr 0.42 1 
Ba 0.389 
Pd 0.346 
La 0.332 

Rh 0.166 
Te 0,138 
NP 0.096 
Nb 0.043 
12 0.0385 



Cs 
), and x represents the fraction of H20 that satisfies the appropriate hydrogen 

(& f -0) 

to s t em 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 dso be calculated, which allows 

for equation (1.7) to be employed. However, even by resûicting the caiculations to 

specific ternperatures, there is still far too much data to process rapidly for use as 

boundary conditions in additionai computations. 

8.2 The Method of Chemical Potentials 

The Method of Chernical ~ o t e n t i a l s [ ' ~ * ' ~ ~ ~ ' ~  was developed as a technique to 

extract the essence of the thennodynamic 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 tirne consurning 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) cm be incorporated as boundary 

conditions into fission product release scenarios for safety analysis. 

For the formation of any compound fiom its constituent elements, a generai 

reaction can be written: 

where the equilibrium constant, K,, is dehed  as: 

170 



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 

h m  the standard Gibbs energy of formation equations for the compounds (or the 

equivalent), by: 

AG"=G,, .  r p - x q - y q - z G i  (8*5) 

where G" = AH" - TS" . Go is sometimes cailed the "absolute" Gibbs energy; 

numerically, this simply is a method to conveniently cornpute Gibbs energy change. 

Combining equations (8.4) and (8.5) gives: 

Equation (8.6) is spec~cd ly  needed for the mass transfer mode1 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 tirne consumiag Gibbs energy minimization) using an 

empirical series and the standard absohte Gibbs energy for the elements and the 

compound. This method of storhg the equilibriurn computations for gas species 

Cs 
concentrations for a matru of conditiom (Le., a specific 3 ratio and 

H20 (Hz +H20) 

ratio, over the lOOOK to 3000K temperature range), simply requires, in addition to the 

empincal series for each element, a table of Gibbs energies for ali the compounds 

[lLiSI involved . 



8.3 Demonstrating an Improved Fission Product Release Model 

8.31 Typical FORM2.0 Calculation 

Using the fission product inventory predicted by the ORIGEN2 codep1, 

thermodynamic equiliirium calcuIations were performed over the temperature range for 

the twenty four different accident scenario~~'*~. Gibbs energy minimizati~n["~ was used 

to determine the equilibnum at a çpecified temperature and a total atmospheric pressure 

of 1 atm. For these calculations the followiag assumptions were made: 

1. The gas phase is an ideal gas, therefore, for each species, i, pi = Xi(wpow~pmr ; 

2, Ali metaliic Liquids bnn an ideal tnetallic liquid solution, if they form a 
- solution phase at dl, therefore - ; 

3. Al1 solids (i.e., intermetallics, oxides, and spinels) are treated as pure separate 
phases; and if hotid = 1 the solid foms, but if asoiid < 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 * was 1, and the ratio 
Cs 

ws 10". rt 
-0 (Hz +w) 

should also be noted that the result for this calculation has been tnuicated 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 (Le., 7451 lmol). 

The mole fiactions for the gas species are listed next to each (e.g., the mole hction of 

Because the "ideal metailic liquid" does not contniute to lowering the overail 

Gibbs energy, it does not fom- there are zero moles of it. Finaiiy, only the twelve soEds 

and iiquids that have a unit activity appear as distinct phases. Because this system has 23 

components, the maximum number of separate coexistent phases that may fom, as stated 

by the Gibbs Phase Rule, is 23, since temperature and pressure are fixe& Because a 



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. 

1014.5 U& +0.096 Np + 2.754 Pu + 0.824 Ce 4-0.215 Y + 0.138 Te + 0.332 La + 1.442 Zr 
+ 0.389 Ba + 0.899 Ru + 1.150 Mo + 0.265 Pr + 0.421 Sr + 0.0385 IZ + 0.859 Nd + 0.043 Nb 
i 0.006 Sb + 0.745 CS + O.ld6Rh + 0.346 Pd + 0.025 EU + 37250E20 + 37250H~ = 

Vapour Phase (ideal Cas Mirture): 
74511.m01 ( 0.50005 HZ I t 

+ O. 15222E-O4 H2M004 
i 0.83348845 CsOH 
i 0.50686845 Ba(OH)7 
+ 0.30966E-O5 PdOH 
+ 0.22279E-O5 Rh02 
+ O. 18223E-05 Te 
+ O. 1547OE-O5 Pd ... 
-Total of 179 gas species- (1 SOOK, 1 ami, g-ideal) 

"Ideal Metallic Liquidn: 
+ 0.0 mol (Ru, Pd, Mo, Rh, Te, Sb, Nb, Cs, Ba, Eu, Pr, La, hi, Ce, Nd, Zr, U, Y) 

(1800K. 1 atm, idcal liquid, a452782 ) 

12 Distinct Solid and Liquid Phases (maximum of 22 is possible): 
+ 1014.1~00 mol U02 (1800K, 1 atm, SI, a= 1.0) 
+ 1.75390 mol Pu02 (180OK, 1 atm SI, a= 1.0) 
+ 0.89897 mol Ru (1800K, I atm, SI, a= 1.0) 
c 0.42589 mol (Nd203)(Zr02)2 (1800Y 1 atm, SI, a= 1.0) 
+ 0.42100 mol (StU04) (ISûOK, 1 atm, SI, a= 1.0) 
+ 0.3752îmol Zr02 (1800K, 1 atm, S2, a= 1.0) 
i 0.15849 mol La203 (1800Y 1 atm, SI, a= 1.0) 
+ O. 13243 mol Pr203 (1800K, 1 atm, SI, a 1.0) 
+ 0,10750 mol (Y203XZr02)2 (1 SOOK, 1 atrn, S 1, a= 1 .O) 
+- 0.096OOmol Np02 (lSOOK, 1 atm, SI, a= 1.0) 
+ 0.04578 mol Ce1803 1 (1800K, 1 atm, SI, a= 1.0) 
+ 0.0191 1 mol Nb205 (1800K. 1 a m  L1.a- 1.0) 

Figure û-2. Results fiom a mical Gibbs energy minimization calculation for a CANDU 
fuel chamel. 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 c m  

be seen that for Mo, Pd, and Rh, 100% of their inventory are found in the vapour phase, 

in which H2M004, PdOH, Pd, and Rh@ are the dominant noble metai containhg species. 

The Ru appears as a distinct solid phase as a consequence of the simplifLing assumptions 

to treat noble metai reaction pmducts at the tirne the original computations were made. 
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- 100, and the 
Cs 

A reducing condition, where - - = IO", is 
H20 (4 +HP) 

presented in Figure 8-3. The temperature is 1800K. 

1014.5 U@ + 0.096 Np + 2.754 Pu + 0.824 Ce + 0.215 Y + 0.138 Te + 0.332 La + 1.442 Zr 
+ 0.389 Bat 0 .8998~  + 1.150 Mo t 0.265 Pr + 0.421 Sr + 0.0385 Iz + 0.859 Nd + 0.043 Nb 
+ 0.006 Sb + 0,745 CS + 0. I66Rh + 0.346 Pd + 0.025 EU + 737.55Hz0 f 73762.45Hz = 

Vapour Phase (Ideal Cas Mixture): 
74514. ml ( 0.98992 H2 

+ 0.97 149E-02 H2O 
+ 0.35435E-03 H 
+ 0.84649E-05 CS 
i 0.18036E-05 Te 
i- O. 76555E-O6 Rh02 
+ 0.67054E-06 CsOH 
+ 0.5772lE-O6 Pd ... 
-Total of 179 gas specie* (1 800K, 1 ami, gas-ideal) 

"Ideal Metaiiic Liquid": 
+ 028407 ml ( O. 4501 6 Ru 

+ 0.38272 Rh 
+ O. 12845 M o  
+ 0.21 654E-01 Pd 
+ 0.17008E-01 Nb 
+ trace amounts of: Te, Sb, Ba, Pu, Cs, Pr, Eu, La, Zr, Ce, U, Nd, Y, Sr) 

(ISOûK, 1 atm, liquid) 

14 Distinct Solid and Liquid Phases (maximum of 22 is possible): 
+ 10 14.00000 mol U02 (1800K, I atm, S1, a= 1.0) 
+ 2.75370 mol Pu02 (ISOOK, 1 atm, SI,a= 1.0) 
+ 0.42908 mol (Nd203XZrO2)2 (ISOOK, 1 atm, SI, a= 1.0) 
i 0.42 100 mol (SrU04) (1800K, 1 atm, SI, a= 1.0) 
+ 0.41 198 mol Ce203 (ISOOK, 1 atm, S1, a= 1.0) 
+ 0.36884 mol (BaO)(Zr02) (1800K, 1 atm, S1, a= 1 .O) 

0.222 70 mol 
O. 16444 mol 
0.13185mol 
0.10750 mol 
0.10302 mol 
0.09855 mol 
0.09600 mol 
0.02624 mol 

(ISOOK, 
(1 8OOK. 
(18OoK, 
(1 SOOK, 
(1 SOOK, 
(1 8MK, 
(ISOOK, 
f 18OOK. 

atm, SI, a= 1.0) 
atm, SI. a= 1.0) 
atm, SI, a= 1.0) 
atm, S1, a= 1.0) 
atm, SI, a= 1.0) 
atm, SI, a= 1.0) 
atm, Sl, a= 1.0) 
a tm S3. a= 1.0) 

Figure %-3. Results h m  a Gibbs energy minimization calculation for a CANDU fuel 
channel under reducing conditions. The metailic elements are treated as an ideaf fiquid. 

For the reducing condition shown in Figure 8-3 the ideal metailic liquid phase 

forms ai 1593K (this calcuiation is not shown). It c m  aIso be seen that the partial oxygen 

pressure for the reducing condition is 4 orders of magnitude Iower than for the condition 

show in Figure 8-2. 



8.3.2 Calculations with the Improved Thermodynamic Treatment for the Noble Meials 

The physical reality that is not well represented in the second assumption of the 

FORM 2.0 caicuiations is addressed by the improved thermodynamic treatment for the 

noble metah A caiculation 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 

Cs 
of was 1, and the ratio was  IO-^. 
H P  (4 + H20) 

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 calculated by 

multiplying the total nurnber 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 initiaily was 1.15 mols, the amount of Mo in 

the solid solution reprwents 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 caiculated 

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 H2M004, for which p = 1.3625 x IO-*. 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 dong with the entire Ru inventory, and 1-78% of the Pd inventory. There 

was aiso just over 0.1% of the Rh inventory in the cph-solid phase. 



Vapour Phase (Ideal Cas Mixture): 
74511.mol ( 0.50005 H2 

+ 0.49965 MO 
+ 0.25184E-03 H 
+ 0.1699OE-04 OH 
i O. I3625E-04 H2MoO4 
+ 0.83349E-05 CsOH 
+ 0.50748 8-05 Ba(OH)Z 
+ 0.30;11 6E-05 PdOK 
+ 0.2225IE-OS Rh02 
+ O. 18223 E-05 Te 
+ O. 15195E-OS Pd 
+ 0.31861E-13 MO . . . 

-Total of 179 gas çpecicç- (1800Ki, 1 atm, ga~ideai) 
Salution Phase: 
+ 1.0260 mol ( 0.8761 7 Ru 

+ 0.11764 Mo 
+ 0.5988 7E-O2 Pd 
+ o. 1 9904E-03 Rh) 

(lSOOK, 1 atm, cphsolid) 

inclusion phase. 

12 Distinct Solid and Liquid Phases (maximum of 22 is possible): 
+ 1014.1OOûO mol U02 (HOOK, 1 atm, SI. a= 1.0) 
+ 775390 mol Pu02 (1800K, 1 afm, SI. a= 1.0) 
+ 0.42589 mol (Nd203xZr02)2 (ISOOK, 1 atm, SI. a= 1.0) 
+ 0.42100 mol (SrUû4) (I8OOK. 1 atm, SI, a= 1.0) 
+ 0.37522 mol Zr02 (1 800K, 1 atm, S2, a= 1 .O) 
+ 0.15849 mot La203 (ISOOK, 1 afm,Sl, a= 1.0) 
+ 0.13243 moi Pr203 (1800K, 1 atm, SI, a= 1.0) 
+ 0.10750 moi (Y203)(Zr02)2 (18WK. I atm, SI, a= 1.0) 
+ 0.09600moI Np02 (1800K, 1 atm, SI, a= 1.0) 
+ 0.04578 mol Ce1803 1 (l800K, 1 atm, S1, a= 1.0) 

Figure M. Results fiom a Gibbs energy minimization cdculation, which included the 
improved thermodynarnic rnodel, for a CANDU fuel c h a n d  Note the appearance of a 

sotid rnetallic phase. 

The cph-solid that f o m  in Figure 8-4 remains stable up to 2335K (this 

calcuiation is not shown), at which temperature it subhes.  It should be noted that the 

partial pressure of oxygen is the same in this result, as it was for the calcuiation shown in 

Figure 8-2- However, it is important to aIso note that because a solid phase containhg 

Mo forms it is possible to detemine and speak meaningfully of the activity of Mo with 

respect to solid Mobfc. In this case the UM, is 0.050. 
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The reducing calcuiation, similar to Figure 8-3, is shown in Figure 8-5. In this 

- 100, and the Cs 
scenario the - - = IO", and the temperature is L800K. 

HtO (Hz +HP) 

Vapour Phase (Ideal Cas Misîure): 
74514 mol ( 0.98992 H2 

+ 0.97157E-02 
+ 0.35435~-03 H = 2 . 7 5 ~  10-'atm 
+ 0.84648E-05 Cs 

. . - 
-Totd of 179 gas sprcies-(1800K 1 atm gas-iW) 

Solution Phases: 
+ 1.8383 mol ( 

+ 
+ 
+ 

+ 0.41993 mol ( 
+ 
+ 
+ 

0.44915 Ru 
O. 44722 Mo 
O. 83122E-01 Rh 
0.20510E-O1 Pd) 
(1800K ! am cphsotid) 
O. 78079 Mo 
0.1 7468 Ru 
O. 2 72S3E-O1 Pd 
0.1 728SE-01 Rh) 
(1800K 1 atm, bccsolid) 

phases- under more 
reducing conditions. 

12 Distinct Soüd and Liquid Phases (maximum of 22 is possible): 
+ IO 14.00000 mol U02 (1800K, I atm., S 1, a= 1.0) 
+ 2.75370 mol Pu02 (1800K i atvb Sl, a= 1.0) 
+ 0.42908 mol (Nd203)(Zr02)2 (1800K. 
+ 0.42100 mol (SrUû4) (18006 
t 0.41 198 mol Cr103 ( L8OOK, 
+ 0 . 3 6 8 ~  mol (BaOXUn) ( l a o o ~ ,  
+ 0.1644 mol M O 3  (1800K 
-I- 0.13185 mol Pr203 ( 1 8 0 0 ~  
+ O. 10750 mol (Y203XZr02)2 (18Cm, 
+ 0.09600 mol Np02 
+ 0.08422 mol UPd3 
+ 0.03 107 mol Nb02 

1 nun,Sl.;i= 1.0) 
1 atm, SI, a= 1.0) 
I atm S 1. a= 1.1)) 
I a m  SI, a= 1.0) 
I a m  SI, a= 1.0) 
1 ahn, Sl. a= 1.0) 
1 aun,Sl,a= 1.0) 

(I800K 1 atm SI. a= 1.0) 
(i800K latmSI.a= 1.0) 
(1800K, 1 ohn, S3, a= 1.0) 

Figure &S. Results fiom a Gibbs energy minimization caIculation, which inchided the 
improved rhermDdynamic mode!, 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 



temperature of 2224K, at which point the bcc-sotid disappears and a liquid solution 

containhg the noble metais appears, coexisting with cph-solid. The cph-solid hal ly  

melts at 2266K. Note that these calculations are not shown. 

In the case where the thermodynamic model for the noble met& 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 tùll order of magnitude) of the rhodium inventory escapes to the vapour phase. 

Futthemore, 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 show in Figure 8-5, the activity of Mo with respect to solid Mok 

is 0.719. The partial pressure of oxygen was pq = 2 . 7 5 ~  IO-'' ami, the rame as it was in 

the results of Figure 8-3. 

With the Mproved thermodynamic treatment, a realistic treatment of the noble 

metals is provided. This treatment aiiows for a meanin@ calculation of the activity of 

Mo, present as a component in a solid phase or phases, with respect to pure bcc-sotid Mo. 

This is important because previous experimentation has shownr"l that molybdenum 

oxidizes at oxygen potentiais comparable to those of hyperstoichiornetric UOt+x. It has 

aIso been pmposed that by measuring the Mo content of the noble metal inclusions, a 

measure of the Iocai oxygen potential of the tue1 can be madeKg2]. This was w t  possible 

from the FORM 2.0 caiculations. 



It can thus be seen that thermodynamic models for the ailoy phases do make a 

ciifference in tenns of describing the equilibrium condition of the fuel after exposure to a 

hydrogen-steam atmosphere. In the reducing condition, the Gibbs energy minimization 

caiculation 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 correlation to the local oxygen potentiai in the 

region near the fuel. 

8.4 An lmproved 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 

mathematicaily derived expression for each of the computed partial pressures of the 

eIements. This is a generic solution and relies on representing faithfiiliy the computed 

partial pressures of each element. To complement the better treatment of the noble 

metals, an improved method of chemicai 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 Iow (e.g., the n~n-volatiles[~~: Sr, Nd, La, Y, Zr). Furthemore, 

during the release, these elements often cornbineci with oxygen and hydrogen, and so the 

dominant chernical fonn in the vapour phase was not an elemental monatomic or 
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diatomic gas (e.g., CSOH(,) instead of Cscd; Ba(OH)2(d instead of BQ); and 

instead of N), but an oxide, hydroxide, or hydride. 

These two factors can combine to introduce numerical imprecision into the 

caiculations. Smail misrepresentations in the mathematically derived partial pressures of 

a non-volatile element can be arnplified by equation ( 8 4 ,  especiaily if the compound is 

relatively volatile in cornparison 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 partiai 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 

HZ and HtO are nearly equai and relatively large, while the associated equilibrium partiai 

pressure of O2 is 2.8530 x lu9. With the improved Method of Chernical Potentials, 

expressions for HZ and Hz0 would be derived, as opposed to expressions for Hz and Oz. 

The most dominant species containing Mo is H2Mo04 o, for which the partial pressure, 

in this example, is 1.3625 x IO-'. In order to obtain the partial pressure of Mow, the 

foliowing equilibrium would be employed: 

K 
3H,+H,MoO4, :'Mo+4H20 (8.7) 

In a similar manner to that descnbed for the Method of Chemicai Potentiais, the 

partial pressure for Mo(& is given by: 



At 1800K, this expression will give pnro = 3.486 1 x 10"~ atm, which is identical to 

that shown forpMo in Figure 8-4. The value ofpMo c m  be aiso be compared to the value 

that would be caiculated for pmo using the FORM 2.0 code['81. From the FORM 2.0 

code[181, under the same postulated accident conditions, = 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 al1 the partial pressures of the elements have been determined in a similar 

manner, the partial pressures of al1 other gaseous compounds cm be computed using 

equation (8.6). 

There is one important consideration to the Improved Method of Chemical 

Potentials. Because the dominant chernicai species, which contains any particular 

element, may change fiom reducing to oxidizing conditions, it is a matter of judgement to 

decide which species wiil have partial pressures fit to mathematical expressions in 

temperature. 



9. Conclusions 

The thermodynamic behaviour of the five component Mo-Pd-Rh-Ru-Tc system, 

the Noble Metals, in nuclear parlance, is now weU understood. Fur this system, al1 tea of 

the binary subsystems have now b e n  thermodynamically modelled, with self-consistent 

and complete mathematicai expressions for al1 observed phases. These binary models, 

have been combined into a quinary model, uing the Kohler interpolation scherne with 

departure tenns. 

For the first t h e  the Mo-Ru system has been evaiuated 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 tirne the solidus-liquidus region of the Pd-Rh system has been 

experimentally examinai. Direct measurements of the solidus and liquidus confirmed the 

predicted behaviour of positive deviatioas fiom ideality in the liquid and solid solutions. 

This experimentai contribution in the Pd-Rh system is another aspect of the original 

content in this thesis. 

Direct measuremmts of vapour pressures over noble metal ailoys were made that 

CO* that these alIoys exhibit ody small positive deviations h m  ideal behaviour. In 

general, these measurements supported the quinary thennodynamic solution model. For 

the firs? Mie, such a mode1 exists. This too is original to this research. 

With the thennodynamics of the noble metal ailoys understood, it is possible to 

incorporate the themiodynamic models for these ailoy phases into Gibbs energy 

mlliimization caIculatiom to better predict the behaviour of nuclear £bel during a LOCA. 



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 

witIiin the hel. in particular, a similar study and assesment of the uranium-oxygen 

system should be undertaken. Specifically, modelling the thermodynamic properties of 

UOux would enable the effect that this solid solution phase has on the partid pressure of 

O2 (and by extension the H2 and H20 pressures) to be predicted. Furthemore, the 

modelling should ailow for the dissolution of low concentrations of other fission products 

into the parent UOu, phase. 

Another consequence of having developed the thermodynamic mode1 is that the 

system containing the nuclear fuel can be extended, For example, it is known that the 

hydrugen vapour to s t e m  ratio is controlled by the Zircalloy cladding. By incorporating 

the presence of the cladding into the calculation, better fission product release predictions 

wodd be made. To do this would first entai1 modelling the Zr-Sn system (an original 

thennodynamic evaluation of this system is included in Appendix E), followed by a 

Gibbs energy minirnization calculation for steam/cladding reactions. 

Regardless of whether the Zircaiioy cladding is included or not, furthet Gibbs 

energy minirnization caiculations using the noble metai d o y  mode1 to predict fission 

product release during loss-of-coolant-accidents should be performed Furthemore, 

these should be combined wiîh the improved Method of Chemicai PotentiaIs in an 

updated version of the FORM 2.0[lS1 and the SOURCE 2 safety codes. 



Finally, the thermodynamic evaiuations of ail the technetium phase diagrams are 

based on lirnited experimental results. While it is acknowledged that such experiments 

are costly and cornplex, it would be of scientific interest to undertake lirnited validation. 



11. References 

N.N. Greenwood and A. Earmhaw, Chemistrv of the Elements, 2" Edition, 
Pergamon Press plc, Oxford, England, (1997). 

A.G. CroK "ORIGEN2- A Revised and Updated Version of the Oak Ridge 
Isotope Generation and Depletion Code", Report ORNL-562 1, (July 1980). 

Technical Information published by Atomic Energy of Canada. 

J.R. Lamarsh, Introduction to NucIear Engineering, 2" Edition, Addison-Wesley 
Publishing Company, Reading, Massachusetts, (1983). 

S. Glasstone and A. Sesonske, Nuclear Reactor EneJneering. 3d Edition, Van 
Nostrand Reinbold Company, New York NewYork, (1981). 

S.G. Prussin, D.R. Olander, W.K. Lau, and L. Hansson, "Release of Fission 
Products (Xe, 1, Te, Cs, Mo, and Tc) h m  Polycrystalline UOT, Journal of 
Nuclear Mataiols, 154 (1988), 25-37. 

H. Kleykamp, 'The Chemical State of the Fission Products in Oxide Fuels", 
Journal of Nuclear Materrals, 131 (1985), 221-246. 

H. Kleykamp, 'The Chemical State of the Fission Products in Oxide Fuels within 
the Different Stages of the Nuclear Fuel Cycle", Hi& Tech Ceramics, edited by: 
P. Vincenzini, Elsevier Science Publishers, Amsterdam, (1987), 2769-2798. 

H. Kleykamp, ''The Chernicd State of Fission Products in Oxide Fuels at 
Different Stages of the Nuclear Fuel Cycle", Nuclear Technology, 80 (1988), 412- 
422. 

P.G. Lucuta, R.A. Verrall, Hj. Matzke, and B.J. Palmer, ''Microstructural Features 
of SMFUEL- Simulated High-Bum-up U@-baed Nuclear Fuel", Journal of 
Nuclear Materials, 178 (1991), 48-60. 

H. Kleykamp, J.O.A. Paschoal, R Pejsa, and F. Thiimmler, "Composition and 
Structure of Fission Product Precipitates in Irradiated Oxide Fuels: CorreIation 
with Phase Studies in the Mo-Ru-Rh-Pd and Ba0-U02-Zr02-MoOz S ystems" 
Journal of Nuclear Materiuls, 130 (1985), 426-433. 

B.J. Lewis, B.J. Corse, W.T. Thompson, M.H. Kaye, F.C. Iglesias, P. Elder, R. 
Dickson, and Z. Liu, "Law Volatile Fission Product Release and Fuel 
Volatilization During Severe Reactor Accident Conditions", Joumal of Nuclear 
Materials, 252 (1998), 235-256. 

D. Cubicciotti, "A Mode1 for Release of Fission Gases and Volatile Fission 
Products Grom Irradiated U& in Stem Environment", Nueleor Technology, 53 
(1% l), 5-7. 

D. Cubicciotti, ''Vaporization Thermodynamics of Fission Products fiom Fuel 
under Nuclear-Accident Conditions", Advances nt Ceramics, 17 (1986), 21 1-222. 



D. Cubicciotti and BR. Sehgal, "Vapour Transport of Fission Products in 
Postulated Severe Light Water Reactor Accidents7', Nuclear Technology, 65 [5 ]  
(1984), 266-291. 

D. Cubicciotti, "Vapour Transport of Fission Products under Nuclear-Accident 
Conditions", Journal of Nuclear Materhls, 154 (1988), 53-61. 

C.W. Baie, A.D. Pelton, and W.T. Thompson. L'Facility for the Analysis of 
Chemical Thermodynamics - User Manual 2.1", Ecole Polytechnique de 
Montreal/ McGill University, (1996). 

B.J. Corse, TORM 2.0- Fuel Oxidation and Release Model- A Computer Code to 
Predict the Low Volatile Fission-Product Release and Fuel Volatilization fiom 
Uranium Dioxide Fuel Under Severe Reactor Accident Conditions", Master S 
Thesis, The Royal Military College, (1 997). 

M. Hillert and M. Schalin, "How Can Calphad Develop Further as a Science", 
Journal of Phase Equilibria, 19 133 (1998), 206-212. 

M.W. Chase, "Heats of Transition of the Elements", Bulletin ofAlloy Phase 
Diagram, 4 [1] (1983), 124. 

D.R. Stull and H. Prophet, "JANAF Thermochemical Tables", U.S. Department 
of Commerce, Washington, D.C., (1985). 

E.H.P. Cordfimke and RJM Konings, Thennochemical Data for Reactor 
Materials and Fission Products, Elsevier Science Publishers, Amsterdam, (1990). 

D.D. Wagman et ai., "Seiected Vaiues of Chemical Thermodynamic Properties", 
National Bureau of Standards Series 270, U.S. Department of Commerce, 
Washington, D.C., (1968-197 1). 

1. Barin, O. Knacke, and 0. Kubaschewski, Themochemical Prouerties of 
inorganic Substances, Springer-Verlag, Berlin, (1977). 

L. Brewer, Molvbdenurn: Phvsico-Chernical Pro~erties of Its Comuounds and 
Aliovs, O. Kubaschewski, Ed., Atomic Energy Review Special Issue No. 7, 
International Atomic Energy Agency, Vienna, (1980). 

D.W. Oxtoby and N.H. Nachîrieb, Principles of Modem Chemistrv. 2nd edition, 
Holt, Reinhart, and Winston, Orlando, Florida, (1990). 

Joumol of Phase Equilibria, Amencan Society for Metals, Metais Park Ohio. 

TB. Massalski, Binaw Allov Pbase D i a m s ,  1 & 2, American Society for 
Metals, Metals Park, Ohio, (1986). 

JANAF Themochemical Tables, US Department of Commerce, National Bureau 
of Standards/Institute for Applied Techuology, Washington, D.C., (June 1971, 
supplements 1974,1975). 



R. Hultgren, RL. Orr, D. Anderson, and K.K. Kelley, Selected Values of 
Thermodvnamic Properties of Metals and Allovs, John Wiley and Sons, New 
York, New York, (1974). 

R. Gürler, "A Computer Assesment of the Molybdenum-Palladium Phase 
Diagram", Journal ofAlloys and Compounds, 191 (1993), 83-86. 

R. Gürler and J.N. Pratt, "A Computer Assessrnent of the Molybdenurn-Rhodium 
Phase Diagram", Journal of Alloys and Compounds, 189 (1992), 97-100. 

R. Gürler, L.A. Cornish, and J.N. Pratt, "Computer Assesment of the Palladium- 
Rhodium System", Journal ofAlloys and Compounds, 191 (1993),165-168. 

R. Gürler, "A Computer Assessrnent of the Ru-Rh and Ru-Pd Systems", Journal 
of Alloys and Compounds, 191 (1993), 3 1-35. 

M.H. Rand and PB. Potter, "ï'hermodynamics and Phase Diagrarns of Mo-Pd-Ru 
and Related Systems", Physics, 103B (198 l), 2 1-30. 

Lide D. R. (ed), CRC Handbook of Chemistw and Phvsics, CRC Press, Boca 
Raton, Louisiana, (2000). 

J.B. Mann, "Ionization Cross Sections of the Elements Calculated fiom Mean- 
Square Radii of Atomic Orbitals", Journal of Chernical Piiysics, 46 [5] (1 %7), 
1646-1651. 

T. Muromura, T. Adachi, H. Takeishi, Z. Yoshida, T. Yamamoto, and K. Ueno, 
'Metallic Phases Precipitated in UOz Fuel", Joumal of Nuclear Materiais, 151 
(1988), 3 18-326. 

T. Matsui and K. Naito, "Vaporization Study on Fission-Produced Noble Metal 
Alloys by Mass-Spectrometric Method", ï7iemochimica Acta, 139 (1989), 299- 
3 12. 

E. Raub, 'Die Legierungen der Platinmetalle mit Molybdiin", ZeitschnJ? Fuer 
Metallkunde, 45 (1954), 23-30. 

C.W. Haworth and W. Hume-Rothery, "The Constitution of Molybdenum- 
Rhodium and Molybdenum-Palladium Alloys", Journal of the Institute of Metais, 
87 (1958-S9), 265-272. 

E. Anderson, "The Equilibrium Diagram of the System Molybdenurn-Palladium", 
Journal of the Las-Common Metals, 6 (1964), 8 1-84. 

E.M. Savitskü, M.A. Tylkha, and OXh. Khamidov, 'The Molybdenum- 
Palladium System", Russian Journal of Inorganic CiTiemisiry, 9 [12] (1964),1475- 
1477. 

W. Zaiss, S. Steeb, and T. Krabichler, '?)iffusionsuntersuchungen im S ystern 
Molybda-Palladium mit HNe einer Mikrosonde", ZeitschnJi Fuer Metallkunde, 
63 (1972), 180-184. 



P. Greenfield and PA. Beck, ''Intermediate Phases in Binary Systems of Certain 
Transition Elements", Transactions of the Metallurgical Society of AIME, 206 
(1956), 265-276. 

A. Maldonado and K. Schubert, "The Structures of Some Systems Homologous 
and Quasi-Homologous to T?-T'*", Zeitschrijl Fuer Metalhnde, 55 (1964), 619- 
626. 

H. Kleykamp, "Constitution and Thennodynamics of the Mo-Ru, Mo-Pd, Ru-Pd, 
and Mo-Ru-Pd Systems", Journal of Nuclear Materials, 167 (1989), 49-63. 

R. Gürler and LN. Pratt, "Constitutional Siudies of Molybdenum-Palladium 
Alloys Using Ultra-Rapidly Solidified Samples", Journal of the Less-Common 
Metals, 175 (1991), 71-78. 

H. Okamoto, "Comment on Mo-Pd (Molybdenum-Palladium)", Journal of Phase 
Equilibria, 15 [4] (1994), 452453. 

A.A. Rudnitskii and RS. Polyakova, ''The Pailadium-Ruthenium System", 
Russian Journal of Inorganic Chemistry, 4 [6] (June 1959), 63 1-636. 

A.S. Darling and J.M. Yorke, "The Ruthenium-Palladium System", Platinum 
Metal Review, 4 [3] (1960), 104-1 10. 

W. Obrowski and G. Zwingmaan, '73eitrag zum Aufbau des Systems Palladium- 
Ruthenium und über Eigenschafien der palladiurnreichen Legierungen", 
Zeitschrift Ftrer Metallkunde, 53 (1962), 453-455. 

S.N. Tripathi, S.R. Bharadwaj, and S.R. Dharwadkar, 'The Pd-Ru System 
(Palladium-Ruthenium)", Journal of Phase Equilibria, 14 [SI (1993), 638-642. 

J.O.A. Paschoal, "Der Auibau der Systeme Mo-Ru-Rh-Pd und U02-Zrû2-Mo0;. 
Ba0 und ihre Korrelation mit Spdtproduktausscheidungen in bestrahlten 
Brennstoffen", Kernforschungszentnun Karlsruhe Report, KfK 3473 (1983). 

J.O.A. Paschoal, H. Kleykamp, and F. Thümmier, "The Constitution of the Ru-Rh 
System", Journal of the Less-Commun Metals, 98 (1984), 279-284. 

S.N. Tripathi, SR. Bharadwaj, and M.S. Chandraseharaiah, 'The &-Ru System 
(Rhodium-Ruthenium)", Journal ofPhase Equilibria, 17 [4] (1996), 362-365. 

H. Okamoto, "Comment on Rh-Ru (Rhodium-Ruthenium)", Journal of Phase 
Equilibria, 15 [2] (1994), 232. 

E. Anderson and W. Hume-Rothery, 'The Equilibrium Diagram of the System 
Molybdenum-Rhodium", Journal of the Less-Common Metals, 2 (1960), 19-28. 

H. Okamoto, "Comment on Mo-Rh @foIybdenum-Rhodium)", Journal of Phase 
Equilibria, 15 [3] (1994), 368. 

B.C. Giessen, U. Jaehnigen, and N.f. Grant, "Ordered AB and AB3 phases in Ts- 
T9 Ailoy Systems and a Modified Mo-Ir Phase Diagram", Joumal of the Less- 
Common Metals, 10 (1965), 147-150. 

188 



E. Anderson and W. Hume-Rothery, ''The Equilibrium Diagram of the System 
Molybdenum-Rutheniun", Journal of the Less-Cornmon Metals, 2 (1 %O), 443- 
450. 

B.F. Kieffer and K. Sedlatschek, "An investigation of the Ternary Systems 
Molybdenum-Rhenium-Niobium and Molybdenum-Rhenium-Rutheniw", 
Smwsium on High-Temuerature Rehctory Metals, Gordon and Breach Science 
Publishers, New York, New York, (1969), 441-464. 

H. iüeykamp, "The Constitution of the Mo-Ru Systern", Journal of the Less- 
Common Metals, 136 (1988), 271-275. 

K. Kleykamp, L'Therrnodynamics of the Mo-Ru System", Journal cf the Less- 
Common Metals, 144 (1988), 79-86. 

MX, Kaye, W.T. Thompson, and B J. Lewis, "Toward a Comprehensive 
Thermodynarnic Treatment of Noble Metal Inclusions", Transactions of the 
Americun Nucieur Society, 79 (1998), 123-125. 

R. Giirler, "Constitutional Studies of Molybdenum-Ruthenium Alloys Using 
Ultra-Rapidly Solidifid Samples", Journal of Alloys and Compounds, 285 
(1999), 133-136. 

VB. Compton, E. Corenzwit, J.F. Maita, B.T. Matthias, and F.J. Morin, 
"Superconductivity of Technetium Alloys and Compounds", Physical Rwiew, 
123 [5] (September 1961), 1567-1568. 

J.B. Darby, Jr. and S.T. Zegler, "Comments on Superconducting Phases in the 
Mo-Tc System", Physics and Chemisny of Soli&, 23 (1962), 1825-1 827. 

J.B. D d y ,  Jr., D.J. Lam, L.J. Norton, and J.W. Downey, '%termediate Phases in 
Binary Systems of Technetium-99 with Several Transition Elements", Journal of 
the Less-Common Metals, 4 (1962), 558-563. 

N.V. Ageev, C.V. Kopetskü, E.M. Savitskii, and V.S. Shekhban, "Sigma-Phase 
Formation in the Systems Rhenium-Manganese and Rhenium-lron", Doklady 
Akudemii Nuuk SSSR., 129 (1959), 87-88. 

J.B. Darby, Jr., L.J. Norton, and J.W. Downey, "A Survey of the Binary Systems 
of Technetium with Group Vm Transition Elements", Journal of the Less- 
Common Metals, S (1963), 397-402. 

J. Niemiec, 'X-ray Anaiysis of Technehum Moys with Rhodium, Palladium, and 
Platind', 'Bulletin de L'Académie Polonaise Des Sciences", 11 [12] (1963)' 
665-669. 

D.R. Gaskell, Introduction to Metallurgical Thermodvnamics, McGraw-Hill, New 
York, New York, (198 1). 

E. Raub, "Metals and Aiioys of the PIatinum Group", Journal ofrhe Less- 
Common Metah, 1 (1959), 3-18. 



E. Raub, H. Beeskow, and D. Menzel, 'Tailadium-Rhodium Legierungen und 
Aiiotropieverhaltnisse beim Rhodium", Zeitschnp Fuer Metallkunde, 50 (1959), 
428-43 1. 

KM. Myles, "Thermodynamic Properties of Solid Rhodium-Palladium Alloys", 
Transactions of the Metallurgical Society of AIME, 242 (1968), 1523-1526. 

J.E. Shield and R.K. Williams, "The Study of the Pd-Rh System by Electricai 
Resistivity Measurements", Scnpta Metallurgica, 21 [L 11 (1987), 1475-1479. 

H. Okamoto, "Comment on Pd-Rh (Palladium-Rhodium)", Journal ofPhase 
Equilibria, 15 131 (1994), 369. 

KT. Jacob, S. Priya, and Y. Waseda, "Thermodynamic Mixing Properties and 
Solid-State Immiscibility in the Systerns Pd-Rh and Pd-Rh-O, Journal of Phase 
Equilibria, 19 [4] (1 998), 340-350. 

P. Chartrand and AD. Pelton, "On the Choice of 'Geometric' Themodynamic 
Models, Journal of Phase Equilibna, 21 [2], (2000), 141-147. 

F. Kohler, "Zur Berecbnung der thermodynamischen Daten ehes terniken 
Systems aus den zugehorigen binaen Systemen", Monatshejie Für C'hernie, 91, 
(1960), 738-740. 

J.O.A. Paschoal, H. Kleykamp, and F. Thümmler, ''Phase Equilibria in the 
Quatemary Molybdenum-Ruthenium-Rhodium-Palladium S ystem", ZeitschnJt 
Fuer Metallkunde, 74 (1 983), 652-664. 

K. Naito, T. Tsuji, T. Matsui, and A Date, "Chernical State, Phases, and Vapour 
Pressures of Fission-Produced Noble Metals in Oxide Fuel", Journal of Nuclear 
Materials, 154 (1988), 3-1 3. 

R. Gürler and LN. Pratt, "A Constitutionai Investigation of the Mo-Pd-% 
Ternary S ystem at 1 100°C", Journal of Nuclear Materials, 186 (1991), 39-46. 

R. Gürler and J.N. Pratt, "A Cornputer Calculation of the Temary Mo-Pd-Rh 
Phase Diagram", Journal of Nuclear Materials, 200 (1993), 16-23. 

H.R. Haines, PB. Potter, and M.H. Rand, "Some Phase-Diagram Studies of 
Systems with Fission-Product Elements for Fast Reactor Fuels", Proceedings of 
an N A  Symposium on Thennodynamics of Nuclear Matenais, 1, (1979), 471- 
501. 

MH. Kaye, K.M. Jaansalu, and W.T. Thompson, ''Experimentd Thennodynamics - Phase Equilibrium in Metalhc Systems", iUPAC, (accepted March 6, 2001). 
Included as Appendix A 

ASTM, "Standard Practice for Temperature Cali'bration of DifEerential Scanning 
Calorimeters and Differentiai Thermal Analyzers", ASTM Designation E 967-83 
(re-approved 1987), (1983), 588. 



89. D.R Gaskell, Introduction to Metaiiurnical Themodymunics, McGriiw-Hill, New 
York, New York, (198 1). 

90. M.H. Kaye, W.T. Thompson, B.J. Lewis, and F.C. Tglesias, "Oxidation of Nuclear 
Fuel Rods M g  a Loss-of-Coolant Accident",8?h Canadian Material Science 
Conference, London, Ontario, (June 12,1996). 

91- W. T. Thompson, G. Eriksson, C.W. Baie, and AD.  Pelton, "Applications of 
F*A*C*T in High Temperature Materials Chemistry", Hi& Temmrahire - 

Materials Chemistrv IX, K.E. Spear (ed.), The Electrochemical Society, Inc., 
Pennington, New Jersey, (1997), t 6-30. 

92. R McEachem, "Oxidation Behaviour of Nobk-Metal Inclusions in Used UOz 
Nuclear Fuel", Report AECL-I 18 18, (Juiy 1997). 



Appendices 

Note to Reader: 

The appendices have been consû-ucted as self-standing documents. 

For the sake of convenience the references cited are to be found at the end of 

each appendix. 



Appendix A 

Copy of the manuscript submitted to: 

IUPAC VOLUME 

EXPERIMENTAL THERMODYNAMICS 

Phase Equiiibrium in Metallic Systems 

M.H. ~ a y e ' ,  K.M. ~aansalu', and W. T. ~hompson"' 

Department of Materiais and Metallurgicd Engineering, 
Queen's University, Kingston, Ontano, Canada, K7L 3N6 

' Department of Chemistry and Chernical Engineering, 
The Royal Military College, Kingston, Ontario, Canada, K7K 7J34. 

Subrnitted for review: March 6. 200 1. 



1. Introduction 

Phase equilibnum 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.[11 In the years 

following, the greater range of superior experimental methods and a developing interest in 

the underlying thermochemicai principles of phase equiiibria led to the international 

metallic phase diagram evaluation programs[2-51 culminating in the volumes edited by 

~assa lski . [~~ 

Phase equilibnum for a binary metallic system is usuaily represented on an isobaric 

temperature-composition diagram. This very common selection of axes recognizes the 

major variables of interest in metallurgical processing. Nthough it is most ofien 

secondary to the intended use, these diagrams rnay be regarded as maps showing the phase 

or phases that provide the lowest Gibbs energy at a particular temperature, pressure, and 

composition. In principle, the phase diagram rnay be developed 6om an independent 

knowledge of the relative Gibbs energies for the various possible phases. Although this 

has been recognized since the landrnark paper of ~ ibbs[I ,  it is seldorn a reliable practical 

approach to phase diagram construction, since relatively small uncertainties in rneasured 

Gibbs energy dxerences 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 

thermochernical propenies can be quite well inferred from a phase diagram when the 

underlying pnnciples are applied. Indeed, the determination of any feature of a phase 

diagram (by whatever method) constitutes a bonafide method to establish themochemical 

properties that are quite reliable. Therefore, compilations of assessed phase diagrams 

constitute a rich source of themochemical solution properties. The development of phase 

diagrams fiom Gibbs energies may appear to have limited practical value. It may seem 

that the exercise does M e  more than demonstrate that the features of the diagram are 



consistent with the constraints of thermodynarnic principles - reassuring but not far 

reaching. However, the process of cntical anaiysis (modelüng) brings together in a self- 

consistent wy various kinds of independent thermochemicai property measurements with 

the phase diagram as the keystone. As a result, the anaiysis isolates improbable 

measurements and places bounds on accuracy. Until the widespread use of advanced 

computers. this approach was impractical, but in the past 35 years it has become well 

recognized. 

The solution properties inferred From phase diagram modelling are valuable in 

other ways. For example, thennochernical data on the behaviour of a binary metallic 

solution, when combined with other data, such as the Gibbs energy of formation of metai 

oxides, may be usefid in understanding equilibrium in a three component rnetal-rnetal- 

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. Furthennore, reasonable predictions of phase diagrams can be cornputed for 

multi-element metallic systerns based upon an understanding of the component binary 

metallic systems. The predictions, at the very least, guide experimentai investigations 

toward regions of particuiar interest. 



2. Solution Thermodynamicç Relevant to Metaiiic Phase Diagram 

Develo pment 

Since the principles of phase equilibriurn cornputations are weii covered elsewhere 

@arken[*I, 00nk[~', ~askell["~, ~ u ~ i s [ ' ~ I ,  ody the cornerstone ideas will be highlighted 

here. The underiying principle in extracting thermodynamic data fiom phase diagrams is 

the equality of chernical 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 f i  
-a - p  
G d  = G A  (1) 

With reference to Figure 1, 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. 

Figure 1. 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 A, the difference üiustrated in Figure 1 can be related to the 

activity of the component in solution a at the composition given by the point of tangency. 

That is: 



where a," is the activity at temperature T. 

The temperature-composition phase diagram for the Sn-Bi system is shown in 

Figure 2. 

Figure 2. Isobaric Sn-Bi temperature-composition phase diagram. 

A thermodynamic mode1 for the Sn-Bi ~~stern''~' is given in Table 1 

Table 1. Gibbs Energy Data for Sn-Bi binary systern.'''' 

1. Sn (Pure Component): 
~;;Lryurd-rLip~d) - -O J l m o l  (Reference Phase) 

o ( L 1 w t d 4 4 ~ e - ~ ) )  = -7029.1 + 13.9 17T J /mol . Gsn 

2. Bi (Pure Component): 
~ ; j L r ~ u r d ~  Lrqirrd) - -O J l m o l  (Reference Phase) 

q w 4 + , . - - d  =-4331.8+20.766T J / m d  

3.  Sn-nch t14 solution (a-solid phase): 
For ( 1 - r) Sn, -,,  +( r) Bi ,,, = ((1 --Y) Sn + (x) ~ i )  

a-soiid soiunon 

AG =(l-x)RTln(l-x)+(x)RTln(r) Jlmol  

4. Liquid Phase: 
For (1 - x) Snfiprd + ( x )  BiLivd = ((1 - x) SR + (x) ~ i )  

Lrqnd mimuIIan 

AG =(l-x)~~ln(l-x)+(r)~~ln(x)+(1-x)(x)(606+194(1-x)) J l m o l  



Gibbs energy isothems for al1 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. 

Figure 3. Gibbs energy Isotherms for Sn-Bi system. 

At 473K it is possible to construct a comrnon tangent between the Gibbs energy 

isotherms for the Sn-rich soiid solution phase and the iiquid, cc + L. in view of the 



significance of the tangent intercepts at the e-ictremes 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 

energ lower than a mixture of these two phases. This collection of ideas, leading to the 

ends of the tie linc (points 6 and 7) shown in Figure 2 at 473K, is termed the fowesr 

common ta)lgmt construction. At 471K, 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 isowest common tatigerit if the point representing the Gibbs energy of pure 

solid Bi is interpreted as the Iower extrernity of a "curve" which ascends sharply upward 

near the right edge of the figure. This rnight be offered as a themochemical explanation 

of the negligibIe soiubility of Sn in soiid 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 simultaneousIy (points 3, 

4. and 5). This situation typically anses 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 vinually pure soiid Bi to the Sn-Rch a-solid solution (points 1 and 2). The 

Iiquid 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 usehl to mention in connection with Figure 3 the concept of Iattke sfabiliry 

attributed to ~aufman"~~.  and with data compiled and reviewed by ~insdale.['~l It might 

not be possible to locate the Gibbs energy isothem for the a-solid solution in an 

experimental sense rdative to the other phases for high concentrations of Bi. However, 

the meaning of the Bi rich extreme of the isothetm is the Gibbs energy Bi rvoti/d have i f i f  

could txist in the a-phase (t14).['~I This lanice stability of Bi in the tI4 structure can be 

expressed relative to Bi in its more stabIe rhombohedral structure In Table 1 

this is treated as a constant: (-433 1.8 - (- 1 1296.8)) = 696jJ / mo[. 

Of course, when Giibs energies al1 phases are known as hnctions of temperature, 

the enthaIpy and entropy contributions to the Gibbs energy are, in effect, known as weU. 

This opens the possibility of caiculahg other phase diagrams for the same system using 



other CO-ordinates. In Figure 4, the temperature, or thermal potential, axis in Figure 2 has 

been replacesi by the relative thermal energy or enthdpy change, with respect to a 

mechanicd mixture of the two pure solid components at 298K. 

Figure 4. Enthalpy-composition phase diagram for Sn-Bi. 

This diagram not only connects phase equilibrium with scanning calorimetry but is 

usetùl 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 

mouldin_e 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 ideai Gibbs energy of rnixing for a mole of solution 

represented by: 

is given by: 

a form used in Tabie 1 for the liquid and a-phases. 



The Gibbs energy provided by equation (4) is brought into agreement with 

themochemical measurernents or phase diagram features by the addition of an excess 

Gibbs terni, G ~ ,  that itseif cm be subdivided into an enthalpy and excess entropy 

contribution: 

The simplest form is given by an empirical senes, which is usuaiiy arranged as 

follows: 

For many systems G~ is not very dependent on temperature, which implies that 9 
is near zero, and the random atomic mixing assumption inherent in the fom of equation 

(4) provides a dose approximation to the actual entropy of mixing. In this case, the 

e'ccess Gibbs energy is numerically equivalent to the enthaIpy of mixing. When G& is 

temperature dependent each coefficient in equation (6) may be expressed by an expansion 

in T: usually iinear is suficient. 

To complete the mathematicai positionhg of a Gibbs energy isotherm, for exarnpte 

the liquid phase in Figure 3, the ends of the curve at each extreme of composition must be 

located. This rnay 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 show in Table 1, 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. AIL 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 t 3OOK. 



1800 J 1800 

F V + L  , / 1685 

,/' Liquid .--' -k 1600 
,' 

/' 

, 1 

w 

e i%s, -,= , ,, = '"O y , "333 O." + 1200 
L L-O 
P> 
!a E 1000 l I f 1000 
-0 9 ~ / 9 1 l  

600 M ~ , l  - a u + si(,, - 600 

0.0 0 7  0.4 0.6 0.S 1.0 

Mg %i- Si 
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 5 through 8. 

1. Mg (Pure Component): 
G , ; $ @ - ~ ~ W  - - O J 1 mol (Reference Phase) 
~ ; C ' w d ' * b d )  - --8479+9.[86T Jlmol 

G,; ;wI~  - r a p w l  =127847-93.476T-RTln(P) Jlmol 
- ~p 

2. Si (Pure Component): 
-4 Lrpurd -tLrquril) - 
6 s  - O J l mol (Reference Phase) 
G;;LI<IU~ - t ~ l i d )  = -502 12 + 29.8OT J 1 mol 
G: Ltqutd+Yapour) =384540-109.61Wi-RTh(P) J l m d  

I 3 .  MglSi (Intermetallic Compound, a): 
For +n/lgL,,, + $74 ,,,,, = +MgZSi,,,, 

AG =-211373+1096.8T-133.427TInT J lmol ;  

4. Vapour Phase: 

1 5. Liquid Phase: 



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 

usetiil for other purposes. Consider the deveiopment of the temperature-composition 

diagram at a constant pressure of 0.05 atm. The isotherm for the vapour phase in Figure 

6b is Iowered by RTln  P and the Iowest 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. 



The ability to rapidly compute the diagram at vanous pressures naturally leads to 

an isothermal log P-composition diagram, shown in Figure 8 at 1300K. 

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 precedmg the T h  T 

tenn in the Gibbs energy for the formation of Mg& implies a large difference in the heat 

capacities between the product and reactants associated with the formation of Mg& 

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. 



3. Experimental Methods 

A ver-  wide variety of experimental techniques bear upon the study of phase 

equilibriurn in rnetal systems. It is typical of a great fiaction of the experirnental work 

reported that specialized equipment, unique to the alloy 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 classifi the main techniques used, with 

reference to binary systems, although dl of the techniques c m  apply to multi-component 

systems. The selection of a particular technique is usually dictated by heating 

requirernents, avaïiable materials of construction, and the chernical reactivity or volatility 

of component eiernents. Materiais of construction pose a major problem and, if this 

rnatter is not a part of the expenmental plan From the outset, the containment materiais 

rnay become inadvertent minor components of the system under study. 

The detection of phases by rnicroscopic means for alloys of known composition 

and thermal history is a cornerstone in the deveioprnent of metallic phase diagrams. By 

working bachwards with the computationd ideas discussed in the previous section, 

thennodynmic information of the phases can be deduced. 

Opticai rnicroscopic methods for metais are based on the reflection of liçht tiom 

polished and etched meta1 To determine the Iiquidus and solidus, an dloy is 

heated (anneded) in a prorective atmosphere at a known temperature. A rapid quench 

foliows which freezes in the microstructure at that temperature.['71 By examining the 

microstructure, the number and identity of the phases present at temperature c m  be 

determined.'ls' An example of a typicd opticai micrograph for a Mo-Rh d o y  is shown in 

Figure 9.[Ig1 Several days or even weeks of annealing rnay be required to reach quilibnum 

depending on the temperature. Aiioys 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 reIative mass or atomic hc t ion  of the phases can be obtained from the 



observed phase fractions, which in tum can be related to a tie Sie on the phase diagram. 

Figure 9. Mo-30 atomic% Rh alloy quenched îrom the condition identified in 
Figure 10, a t  a temperature just above the eutectic in the two phase field (a + liq). 

The dark regions are the Mo-rich phase (a-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 NaOE, 2.5g K3Fe(CN)6, and 
380g H20. Magnificntion is ~oox .~ '~ '  

By plotting the phase assemblages determined by microscopy at each alloy 

composition against temperature, a general indication of the phase diagam is obtained. 

The example for the molybdenum-rhodium system is shown in Figure 10. ' '~ '  Note that the 

relative proportions of a-Mo and transformed liquid phase (tiom Figure 9) are consistent 

with the lever mie construction in Figure 10. 



Figure 10. A partial phase diagram for Mo-Rh as determined by r n e t a l ~ o ~ r a ~ h ~ . [ ' ~ '  
Note the point (as circled) for the Mo-30 atomic% Rh alloy depicted in Figure 9. 

A superior method, in pnnciple, is hot stage microscopy where the phases can be 

directry observed at temperature in a vacuum or protective atmosphere. This approach 

does not depend on interpretationai 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 microanaiyser 

(EPMA), an electron beam interacts with the atoms in the sarnple, and X-rays are ernitted 

that are characteristic of the elements present. These ;Y-rays are detected and andysed 

using energy dispersive (EDS) or wave-length dispersive spectrometers (WDS). SEMs 

are routinely coupled to an EDS system for concurrent chernical anaiysis. For 

microchemicai anaiysis in metaflurgicai work, an EPMA has one or more wavelength 

dispersive spectrometers (WDS) attached. The SEM and EPMA instruments make use of 

the sarne physicai principles, but the emphasis is diierent. The SEM is an imaging device; 

EPMA a chemicai 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 penods of 

time, tightly aimed, and focussed. Detailed information on these techniques and theü 
P1.a applications can be found in Scannine Electron M ~ C ~ O S C O D ~ ~ ~ ~ ,  the ASM Handbooks , 



and in ASTM Standard E-1508-98.[U1 The relative merits of the WDS, sornetirnes called 

a crystal dispersive spectrometer, over the EDS is that the WDS has a higher resolution al? 

the X-ray spectnim and better detection lirnits of trace elements, but this cornes at the cost 

of increased data collection times. The impact of these differences is well disciissed by 

~ifshin.'~'' 

in the study of phase equilibrium, the main advantage of an SEMEDS system is 

the capability to provide relatively rapid compositional information, that can be used to 

locate the ends of tie-lines. Routinely, images are coiiected 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 systern acquires the 

entire spectnim, 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 technolog, digital 

pulse processing, and computer storage have expanded the utility of energy-dispersive 

spectrometry.'25' Older detection systems are restricted to detecting alurninum and heavier 

elements. Detector const~ction and the development of atmosphenc thin windows have 

improved the detectability of tight elements, such as carbon and oxygen, to the point 

where they can be detected retiably and their proportions derived. Present day systems 

can detect elements as Iight as beryllium. Of particuiar 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 anaiysis is obtained for Iight 

eiements. 

The transmission electron microscope (TEM) is an extremely valuable tool in 

exarnining precipitates on the order of a few hundred nanometers. Although it is pnrnarily 

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 

metailic ~~s te rns . [~~I  In a TEM, an electron bearn is passed through a thin section of 

material. Sirnilar to the SEM or EPMA, the X-rays emitted can be analysed with a EDS 



or WDS system to give the composition of the phase examined. An electron difiaction 

pattern is aiso obtained concurrentty, giving the structure of the phase. 

3.2 X-ray Diffraction 

Since the first structure determination by WL. Bragg in 1912[~~', X-ray diffraction 

has been used to characterise the arrangement of a t o m ~ . [ ~ ~  Metallic phases and their 

crystal structures have been so extensively studied that the method is now used to identiQ 

phases and is ptimarily used as a complement to metailographic or microscopie 

techniques. X-ray powder difiactometry has been reviewed in great detail r e c e n t ~ ~ [ ~ ~ ~  and 

application to metallurgy can be found in general te ;u t~[~~*~' '  and in specific publications.'2q 

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 atorns 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 

ailoys, the lattice parameter varies nearly linearly with composition (Vegard's law). This 

variation is shown for the Co-Ni system in Figure 1 1 .[321 

03520 20 40 60 BO 100 
wt.% Ni 

Figure 11. Lattice parameter of Co-Ni alloys at room temperature."'l 

Where there are two phases possible at a particular temperature, there is an arrest 

in the lattice parameter variation with composition and diiaction peaks associated with a 

second phase begin to appear. This is evident for the Ni-Ti system shown in Figure 1 2 . ~ ' ~  



The discontinuity identifies the phase boundary or solid solubdity at 1023K. 

TiTANIUM, A f W C  KLt CENT. 

Figure 12. Lnttice parameter of Ni-Ti alloys, nickel rich region at 1023~.['~' 

For compatison purposes, the Ni-Ti phase diagrad6' is shown in Figure 13, with 

the point on the phase boundary determined in Figure 12 circled. 

T i  ALomic Percent Nickel 

Figure 13. The N i a i  phase diagram.w The circled point on the lower right relates 
to the discontinuity shown in Figure 12. 

Approximate relative proportions of the phases in the powder, usuaiiy accurate to 

a few percent, can be determined by intensity variation To do so requires that standards 



of known proportions be prepared and used to create a calibration plot. Relative 

proportions can dso be determined by Rietveld refinement, which is growing in 

popularity.i~"~ This technique originally grew out of the analysis of neutron difiaction 

patterns and has been applied to X-ray difiaction patterns. The interpretational software 

requires some knowledge of the space group, and atomic positions within the unit cell. 

This is generaily not a problern for metallic systems. One recent application has been to 

quantitatively detennine the mass fraction and mean size evolution of the 6' precipitates in 

an Ai-Li alloy.~3s361 The software is fieeely a~aiIable[~~ and guidelines for the Rietveld 

refinement have been published recently.13'' 

3.3 Emf Cells 

Generaliy speaking, this approach provides the relative partial molar Gibbs energy 

of one cornponent in the system as a voltage measured under open circuit conditions.["l 

The experimental program must first demonstrate reproducibiiity in the rneasured 

potentials following a disturbance, such as che momentary passage of a small curent or 

excursion in temperature. By gathering sufficient information on the compositiona1 

dependence of one component over the extremes of composition change, the Gibbs- 

Duhern equation may be integrated to determine the relative partial molar Gibbs energy of 

the other component and the Gibbs energy of rnixing, depicted in Figure 1. 

Consider a binary system M-N in which M is the more easily oxidiied element. An 

electrochemical concentration cell may be constructeci ofthe type: 

- M I M = - I M - N  + (7) 

The electrolyte contai~ng the M' ion must be suitably conductive and non-volatile 

at the temperature of interest. Typically, a molten saIt mixture is employed to provide a 

suitably low eutecti~!'~'~~ The diluent salts for the A&- ion mua be sufficiently stable so 

that there is no chemical exchange with the aiioying elernents. The reversible open circuit 

ce11 voltage E gives the relative partial Gibbs energy ofM by: 
- 

AGM = - z ~ E  (8) 

where 3 is the Faraday constant. 



To permit measurements at higher temperatures, where even a molten electrolyte 

may be too volatile, a solid electrolyte may be employed. In this technique, a metaümetal 

oxide equilibrium rnay 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 0" 

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 chermodynarnic properties have 

been measured between 950K and 1350~.(' '~' The galvanic cell. shown in Figure 14, is 

schematically represented by: 

where the oxygen partial pressure at each electrode is controlled by: 
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Figure 14. Schematic diagram o f  a galvanic c e ~ l . [ ~ '  

The results take the forrn of plots of E (in volts) versus temperature for each aiioy 

composition, as shown in Figure 15. 



Figure 15. Sample set o f  results for emf measurements for Pd-Rh a ~ l o ~ s . ' ~ '  

The emf, corresponding to the virtual oxygen transfer, reaction (1 l), is given by 

equation (12): 

Cornbining the previous concepts, the activity of the rhodium (aRh) is directly 

related to the emf by equation (13)i431: 

-33E =A& = RTlna, (13)  

From the temperature dependence of the activity, the partial enthaipy and entropy for Rh 

cm be cornputed. By using the Gibbs-Duhern equation, the corresponding properties for 

Pd cm be denved. This leads to a thermodynamic mode1 describing the solution 

behaviour of the soiid in the Pd-Rh system, in the range of temperatures where continuous 

soiid solutions c m  be expected, as shown in Figure 16!~' The t o m  of the equation is 

sirnilar to that s h o w  in Table 1 for the Iiquid phase of the Sn-Bi systern (srna11 positive 

deviations fiom ideal behaviour). 
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Figure 16. Pd-Rh phase diagram.14' 

Gibbs energy isothems for the Pd-Rh system at IOOOK 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. 

Figure 17. Gibbs Energy Isotherms for the Pd-Rh System at LOOOK and 1300K. 



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 rnetal system investigations 

are relatively high and the partiai pressure of the most voiatile cornponent is typicaiiy Iow, 

it is quite appropriate to employ ideal gas behaviour in the foiiowing way: 

This expenmental approach of gathering Gibbs energy data is Limited ta systerns 

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 

tor most rnetals, 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 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.[461 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 dfision of the vapour 

downstream to the cold trap. Material depletion is another factor: material evaporated 

tiorn the condensed systern must not a e c t  the overail composition to a significant extent. 
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Figure 18. Simple high temperature transpiration apparatus, after Norman and 
~inchell.[* 

In principle the transpiration technique could be applied to the Mg-Si system 



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 fiinction of temperature. By the application of the Gibbs-Duhem equation, the 

correspondhg 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 comrnon tangent methodology. 

The modem 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 ce11 made of inert material encloses 

the alloy under study. The efising vapour is detected by mass spectrometric rneans. 

Sapphirc Window 

I 1 
w t 

io Induction Hater 

Figure 19. Mass SpectrometerIKnudsen Ce11 apparatus. 

The signal provides a partial pressure for each isotope of Pd, the more volatile 

elernent. 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 aüoy is shown in Figure 20 for both pure Pd and an a l ~ o ~ . [ ' ~ ~  The displacement of 

the two lines provides a measurement of the activity of Pd in the aiioy. In this case, it is 

siightly greater than the atornic fiaction of Pd in the condensed phase. 
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Figure 20. Typical partial pressure data for a 52 at*%Pd-48 atm% Rh aIloy!lsl 

When the volatility is much higher, continuous recording thermogravimetnc 

(TGA) means could be employed in the detedon system. Vapour efising fiom the hot 

Knudsen cell, swept away by an inert carrier gas, condenses in a coid trap downstream. 

The mass loss €tom a chamber (in which saturation rnust be demonstrated) provides the 

partial pressure using classical effusion equations. 

3.5 Thermal Methods 

In the simplest embodiment of this technique, the temperature is continuousIy 

recorded during slow heating or cooiing. Phase changes that take place aiter the rate of 

temperature change with t h e  due to the heat effects associated with the transformation. 

The most effective use of this technique is the study of liquid-soiid rransformation since 

the phase transformations are generaiIy not sluggish in metallic systems. 

A variation on this technique is differential thermal analysis @TA) in which two 

thermocouptes are used. One is pIaced in a non-transfohg reference matetiai and the 

other in the system under study. A spike occurs in the temperature dEerence when a 

transformation is encountered. An exampie of the application of DTA is show in Figure 

21 for a Pd-Rh d h ~ ~ . ~ ~ ~ ~  
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Figure 21. A typical DTA cuwe for an 80 at.% Pd- 20 at.% Rh alloy. The 

extrapolated onset indicates that the solidus temperature i s  1 8 6 8 ~ . [ ~ '  

Thennal analysis techniques put ernphasis on the temperature at which a 

transformation commences, since the temperature at which a transformation concludes 

may not be reliabty detected. For exarnple, the solidus in a cooling binary metal system is 

usually effected by segregation associated with the slow diision of the cornponents in the 

crystailizing solid. An advancernent on DTA is the quantification of the thermal effect 

associated with the peak heighthea, which leads to scanning calorimetry. 

There are the two principaI types of differentiai scanning calorirneters (DSC). 

~oersma["l introduced the heat flux DSC in 1955, and Watson and ~'Neill''O.~'I 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 

traditiond DTA[~*' in the heat flux method, the heat of tradormation is detected as a 

temperature diierence with respect to an adjacent reference material.[Jgl Tn the power 

compensating method, the power required to keep the sampIe and the reference materiai at 

the sarne temperature is re~orded.['~l 



A typical result for a Sn-Bi aiioy is show in Figure 22. B can be seen fiom this 

figure that the onset of transformation temperature is caiculated as 412K. This 

corresponds to the eutectic temperature in Figure 2.[531 

458K 
liquidus 

Figure 22. DSC heating profile for a 2Oat.%Bi in Sn alloy. The eutectic 
temperature, determined by the extrapolrited onset, is 412K; and the liquidus 

temperature is 4 5 8 ~ . [ ~ '  

Table 3 summarizes the experimental work'"' for several additional compositions 

of Sn-Bi alioys. For the process of raising the temperature fiom 373K to 483K, with al1 

accornpanying phase changes, a measured AH is recorded in Table 3. This can be 

compared to the caiculated L\H, determined fiom Figure 4. The dEerence in the values is 

typical of the precision that may be expected f?om scanning calorimetry as it applies to 

ailoy transformations that involve melting. 

Table 3. Thermal effects for fusion of Sn-Bi Alioys. 

X B ~  Measured AH Calculated AH Difference 
(J/mol) (J/moi) (Umol) YO 

0.197 10103 t 0496 -393.1 -3 -75 

0.312 10890 11074 -184.3 - 1.66 
0.390 11846 11455 391.7 3 -42 

0.475 11623 11863 -240.0 -2.02 

The liquidus temperatures were detertnined h m  the retum to baseline, as marked 

A-27 



in Figure 22. These are shown in Table 4 and compared with modeiied temperatures fiom 

Figure 2. 

Table 4. Liquidus Temperatures for the Sn-Bi Alloys. 

Liquidus Liquidus 

Heating rates affect the results obtained using scanning calorimetry to a limited 

degree. An indication of this is shown in Table 5 

Table 5. Effect of Heating Rate on Observed Parameters for Sample 3 (Xei = 0.39) 

Figure 23 shows a series of representative DSC curves for various alIoy 

compositions in a more complex binary  stem!^'^ At compositions indicated by 1, 2, and 

3 (pure B; compound D with a congruent metting temperature; and the eutectic 

composition, respectiveiy), the curves have very sharp peaks, indicating a temperature 

invariant phase change- However, aiioys 4 to 8 have melting ranges as indicated on the 

phase diagram. For aiioys 4 to 7, the eutectic and peritectic temperatures correspond to 

the extrapolated onset of the sharp peak, but the heating curve does not retum aimost 

immediately to the baseline, which is similar to the behaviour s h o w  in Figure 32- in the 

cases where the cooiing path only passes through one region of solid plus liquid (alloys 4, 

6, and 7) the DSC curve moves towards a second extrerne value, which corresponds to 

the liquidus temperature. For cuve 5, the eutectic and pentectic temperatures are 

indicated by sharp peaks, and the liquidus by the finai peak. 

Heating Rate Obsewed Observed 
Eutectic Liquidus 

C0/min (KI (k3 
1 O 

2 
0.5 

4 12.6 425.2 
412.6 424.1 

412.5 423 -7 



Figure 23. The A-B phase diagram, showing representative DSC curves for various 
rlloy 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 deterrnined by where the extrapolated onset occurs for the larger 

peak, with the liquidus occumng at the peak extrernity, similar to that oFFigure 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 diicult to resolve. 

X-ray diffraction (Section 3.2) would be better suited to detennining the placement of this 

phase boundary. 

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& in Table 2). 

The calorimetric techniques applied to metalurgy are well reviewed in Materials 

~hermochemist~.[~'~ PracticaI considerations in reaction calorimetry are well reviewed in 

Chapter 3A of Phvsicochemical Measurements in Metals ~esearch.["l With respect to 

solution calorimetry, the KPAC has recently published a book by that title which 

describes the various techniques now cornmonplace today. in particuIar, Chapter 6 of 

Solution ~alorirnet4"~ gives an excellent review of this technique as appiied to 

metaiIurgical systems. 



4. Multi-Component Systems 

Phase equilibrium 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 thermodynarnic data coiiected over the past 

25 years.[6'7' Two types of rnulti-component systems may be distinguished; those 

involving a solvent element with several dilute solutes, and those covering the extremes of 

composition for al1 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 fdl into this category. Principally, a knowledge of the H e ~ a n  activity 

coefficient for each solute and its variation with temperature is required. In 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 ofanother. 

Consider the case of a lead battery electrode aiioy containhg s m d  concentrations 

of Ca, Sn, and Ag. The activity of Ca dissolved in Pb can be found by forrnulating the 

solubility product fiom the Gibbs energy of formation of CaPb3, via reaction (15), and 

ushg a portion of the binary Pb-Ca phase diagram, shown in Figure 24. [SS-60l 

Ca +3 Pb e C a P b 3  (15) 

O 

993 99.4 993 99.6 99-7 99.8 99.9 tOO.0 

Atomic Percent Lead Pb 
Figure 24. The Ca-Pb phase diagram, enlarged at the Pbrich side. 



Taking the activity of Pb in the lead rich phase to be the atom fraction, the activity 

coefficient of Ca cm be found for doys saturated with CaPb3. using equation (16). 

AG = RT l n [ ~ ,  1 + RT ln + RT In [x, ] (16) 

The Henrim activity may be found, broadly speaking, in a similar manner for the 

other solutes. The phase equilibrium involving the possible coexistence of the Iead-rich 

solid solution with intermetallic phase(s) cm now be calculated. Figure 25 depicts the 

compositions of al1 the possible intenetallic phases involving the Four elements in 

question. 

15 Intermetallic 
Compounds 

Pb O .2 0.4 0.6 0.8 Sn 
Mass Fraction Sn- 

Figure 25. The PbSn-Ca-Ag quaternary system. 

With the Gibbs energy of formation for these nearly stoichiometric phases, there is 

sufficient data to deveIop the phase diagram in the lead-rich conter by Gibbs energy 

minimitation methods hcorporated into cornpurational software."" The estimated phase 

equiiibtium is depicted in Figure 26 for 523K. 



Pb Mass Fraction Sn (ppm) - 
Figure 26. Ternary slices from Pb-Sn-Ca-Ag quaternary, at constant levels of Ag. 

It is also possibie to cornpute, for a series of temperatures, the most stable phase 

assemblages and identiQ the critical temperatures associated with the appearance of new 

phases. These results are organized in Table 6, with the asterisks indicating the Mitical 

temperature for the appearance of a new phase. This information, made possible by 

brînging together a variety of expenmental measurements, modehg the binary phase 

diagrams to rationalize those data, and using modem computational tools, is reveaiing in 

tems of the genesis of phases. in particular, it is important to know fiom which phase 

(solid or liquid) a particular intemetallic precipitate first appears. This effects the 

metaIIurgical microstructure with a consequent impact on mechanicd properties. 



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 Casa3 Solid Ag& 
(K) Solution Solution 

773 .O 1 O0 
727.0 1 O0 * -----.----.--------------- -- 
599.5 99.475 0.525 * 

When the phase equilibcium 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 rnetaiiic inclusions in spent nuclear 

fuel. The Kohler interpolation ~cheme[~~l, which will here suffice to represent otheri6'I, 

proportionaüy weights, fiom each binary system, the contribution of the thermodynarnic 

property of interest, as given in equation (17). 

G F = ( ~ - X . ~ ) ~ G :  + (l-X,)'G,b + (i-xZ)=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 c, which are found 

by extending Iine segments fiom each of the corners on the ternary diagram, to the 

opposite binary system. 

Y a Z 
Figure 27. Representation of Kohler Interpolation; the property ( G ~ )  atp may be 

estimated from a kaowledge of properties at compositions a, b, and cJ621 



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 temary and multi-component excess 

solution property estirnates when no experimental data exists. As experimentai data is 

gathered for the multi-component system, departure terms may be added to the basic 

interpolation. These terms (usuaily ody 1 or 2 are necessary or justified) take the fonn of 

products of al1 mole fractions raised to dif5erent powers times a temperature dependent 

coefficient. The correction terms vanish in the binary subsystems. Figure 28 shows the 

phase equilibrium for the temary faces of the quaternary alloy at 2000K computed using 

this interpolation r n e t h ~ d . [ ~ ~  The phase boundanes for the Pd-Rh binary alloy rnay be 

compared with the binary diagram in Figure Id. 

Figure 28. Four ternary diagrams for the Mo-Pd-Rh-Ru System at 2 0 0 0 ~ ! ~ '  



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 diflraction, and 

thermal analysis. The widespread use of computers in the past 25 years awakened a more 

Fiindamental understanding of the thermodynamic principles of phase diagram construction 

that was dormant for a century. This has enabled experimental measurements of 

thennodynarnic solution properties to contribute in greater measure to phase diagram 

development and assist in major international assessment programs leading to 

comprehensive compilations. This modelGng/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 diicult to study experimentaily. Furthemore, phase equilibrium 

information, stored as self-consistent equations for the themochemical 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 fiom the binary sub-systems, IikeIy phase diagrams for systems with 

many components c m  now be caiculated to help focus h r e  time-consuming 

experimental effort. 
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APPENDLX B - SELECTED TERNARY PHASE DIAGRAMs FROM LITERQTURE 

For cornparison purposes, ternary phase diagams proposed by other researchers 

are s h o w  here. Figure B-1 shows Mo-Pd-Rh at 1973q by Paschoal et al.[']. 

Figure B-1. Mo-Pd-Rh frorn 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 
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The ternary diagram for Mo-Rh-Ru at 1973K, by Paschoal et al.[ll is presented in 

Figure 5-3. 

Figure B-3. Mo-Rh-Ru From Paschoal et al.['l. The temperature 

The ternary diasram for Mo-Pd-Ru at 1973K. by Paschoai et al.[li is presented in 

Figure B 4 .  

Figure B-4. Mo-Pd-Ru tiom Paschoal et al-[''. The temperature is 1973K. 



The ternary diagram for Mo-Pd-Rh experirnentally determined by Gürler and 

I?radZ1, is s h o w  in Figure B-5. 

0 Exp. rie line-ud çomp. 
Nomuidcamp. 

!il. 4b Rh 

Figure B-5. Mo-Pd-Rh from Gürler and ~ratt[?I. The temperature is 1373K. 
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APPENDIX C - RESULTS FROM DTA EXPE~UMENTS 

The complete set of results for the differential thermal analysis measurements of 

Pd-Rh alloys is presented here. 
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Figure C-1. DTA resuIts for Sample A- Pure Pd. 

The average melting temperature is 1827.1K. 
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Figure C-2. DTA results for Sample B- 88at% Pd:lZat.%Rh. 

The average solidus temperature is I844K. The average liquidus temperature is 1856K. 



Temperature (K) 
Figure C-3. DTA results for Sample C- 80at.% Pd:ZOat.%Rh. 

The average soiidus temperature is 1868K. The average liquidus temperature is 1880K. 
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Figure C-4. DTA results for Sample D- 74at.% Pd:26at.%Rh. 

The average solidus temperature is 1879K. The average Iiquidus temperature is l8%K. 
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Figure C-5. DTA results for Sample E- 69at% Pd:3lat.%Rh. 

The average solidus temperature is 1895K The average liquidus temperature is 19 11K 
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Figure C-6. DTA results for Sample F- 6 h t %  Pd:36at.%Rh. 

The average solidus temperature is 1904K. The average liquidus temperature is I9 19K. 
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Figure C-7. DTA results for Sample G 59at.% Pd:4lat%Rh. 

The average solidus temperature is 1928K. The average liquidus temperature is t939K 
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Figure C-8. DTA results for Sample 8- 53at.% Pd:47at%Rh. 

The average soiidus temperature is 1946K. The average liquidus temperature is t S 8 K .  
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Figure C-9. DTA results for Sample C 3Jat.N Pd:66at.%Rh. 

The solidus temperature is approximately L995K. The liquidus temperature is above the 
maximum operating temperature for the DTA. 
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Figure C-IO. DTA results for Sample K- Bat.% Pd:8laî.%Rh, 

The average solidus temperature is 1904K. The average liquidus temperature is 1919K 



APPENDLK D - DATA FROM -SEN 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 arnu number for the isotope of 

interest. The results for Samples 2-8 are shown in TabIe D-l through Table D-7. 

Table D-1. Intensity (peak maximum) data for Sample 2. 

Table 0-2. Intensity (peak maximum) data for Sample 3 .  

Temperature 
(K) 'O2 pd IMpd 1°9d l"pd '08pd  OP^ 

Temperature 
(K) '02pd liW ~d "'~d Io6pd loripd 'l"pd 
1638 1 1 O0 400 800 1 600 500 400 

1741 

1799 
1850 

1893 

1922 

1953 

1 952 

20 15 

203 1 

1901 1 700 7100 13 LOO 1 14000 15000 6900 

1 O0 200 100 

300 200 700 
200 600 1200 

200 800 2 100 

200 1300 NO0 

300 l JO0 1600 

300 2700 3 700 

3 O0 2700 5 IO0 

500 4100 6900 

JO0 500 700 

900 800 300 

900 1100 400 

1000 1900 Y O0 

2700 3200 1000 

3 IO0 2700 1500 

4800 4 100 2300 

6300 5900 3200 

7000 7200 3200 



Table D-3. Intensity (peak maximum) data for SampIe 4. 

Table û-4. Intensity (peak maximum) data for Sarnple 5. 

Temperature 
63 IMT!d lacpd 'O?d 
1715 
1737 

1757 

1779 

1802 

1824 

i 1844 
1x6 1 

1885 

1910 

500 1000 1100 

300 1000 1200 

300 800 1400 

200 1600 1600 

200 1400 2000 

?O0 1500 2200 

200 2200 2500 

4 O0 2200 3200 

500 3000 4000 

200 4600 4800 

Temperature 
(K) '02Pd '"Pd l0?d '06pd "'Pd 'lOpd 
1684 

1703 

1723 

1743 

1759 

200 800 900 

100 1100 1200 

100 1400 1800 

200 1400 1500 

500 1400 2700 

1200 700 900 

1100 1 O00 500 

1 IO0 1200 600 

2100 1800 Y O0 

3000 2400 1700 



Table D-5. Intensity (peak maximum) data for SampIe 6. 

Table D-6. Intensity (peak maximum) data for Sample 7 

Temperature 
(K) '02pd l"pd lospd Io6pd " ' ~ d  'lOpd 
166 1 
1686 

1705 

1734 

i 1760 

1787 

18 13 

1833 

1853 

1875 

Table D-7. tntensity (peak maximum) data for Sample 8. 

Temperature 
(K) luzpd l"pd "'=Pd lu6pd '"'~d ' l"pd 

100 600 300 
100 500 400 

1 O0 700 500 

1 O0 800 900 

3 O0 700 1000 

100 1000 1600 

200 1500 2300 

100 1800 2200 

100 2200 2800 

400 2300 3900 

1793 

1827 
1857 

1886 

19 16 

1944 

1962 

3 O0 300 200 

500 400 300 

400 600 400 

800 600 200 

700 700 3 O0 

1300 1400 600 

2200 1500 1100 

2400 1600 800 

3000 3200 1300 

3600 2800 1900 

Temperature 
(K) ~d lWpd lospd '06E'd " * ~ d  'lUpd 

100 700 500 

100 700 900 
100 800 1100 

200 1200 1000 

700 1000 1300 

200 1500 2300 

200 1800 2300 

1657 

1713 

1738 

1761 

1782 

1806 

1829 

1850 

1869 

1892 

700 800 300 

1200 1200 300 

2 LOO 1300 700 

1600 1700 800 

2 100 2800 1300 

2700 2800 1400 

2700 2600 1400 

100 600 400 

100 500 900 

100 700 1200 

200 700 il00 

100 1000 1600 

100 1300 1700 

100 1700 1800 

300 2800 2600 

400 1900 3500 

300 2600 4900 

700 600 400 

700 400 500 

800 800 400 

1300 1300 400 

1900 1700 800 

1800 2000 1100 

2400 1900 900 

3400 3000 i LOO 
4000 3300 1400 

4500 4000 1300 



APPENDIX E - ORIGINAL EVUUATION OF ZR-SN PHASE DWGRAM 

The cladding reaction with HzO to generate a steam-hydrogen gas mixture is 

almost as important as the reaction of the gas mixture with the füel in the totality of a 

fission product release code. Unfortunatejy, a thermodynamic mode1 for the Zirconium- 

Tin binary system, that is consistent with the Iatest phase diagram, does not existL'l. 

Therefore a modelling of the Zr-Sn phase diagram was undertaken, the results of which 

are shown in Figure E-1. 

2500 2500 
Liquid 

226 1 
-6 

Figure E-1. The Evaluated Zr-Sn equilibrium phase diagram. 

For the pure components, the foliowing Gibbs energy expressions were used: 



o(Lmd-ifl-Uliid) = -20950 + 9.845T GD (E.3) 

~ z q ~ d + L w d )  - - O JI mol (reference phase) F.4)  

~;;~rqutd+Sn-Soiid j =-7029.1+13.917T Jlmol (E-5) 

4L1qurd-m-Zr mbd) - 
'Sn - 4578.69 - 13.9 17T Jlmol (hypothetical transition) (E.6) 

GO( L1qu1d-r~-Zr.1011di 
Zr = -4620.44+ 13.9 17T Jlmol (hypothetical transition) (E.7) 

The excess propenies of rnixing for the solution phases in the Zr-Sn system are: 

A(%,, = X,X, [- i20920 + 7 5 6 5 8 ~ ~ ~ 1  Ilmol (E.8) 

AG:-, = X,X, [-80 1701 Ilmol (for Sn < O. 1) (E.9) 

E AGpG, = ~ ~ ~ ~ [ - 6 3 0 0 0 - 3 0 . 0 8 ~ ]  J/mol (for Sn < 0.1) (E. 1 O) 

For the ZrjSn, ZrySn3, and ZrSnz, the Gibbs energy expressions used were: 

AG,, = 4 1 9 4 0 +  10.iT J/moI (per mol of Zr4Sn) (E. 1 1) 

AG,,,, = -56737+10T Ilmol (per mol of'ZrsSni) (E. 12) 

A C ;  = -;395 1.4-?T J/moI (per j/: mol of ZrsSn~) (E.13) 

Note that equations (E.11), (E.L2), and (E.13) refer to zirconium and tin in their 

liquid m e s  (Le, Zr(\id and Sn(rid). These equations were derived in a manner that 

provided peritectoid teactions at l6OOK and 1255K. and a peritectic reaction at 1416K. 

A detailed view of the Zr-rich side of the diagram is shown in Figure El. 
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Figure E-2. A detailed section of the Zr-Sn phase diagram at the Zr-rich side. 

For cornparison the Zr-Sn phase diagram from the assessrnent of Abriata et al.['] is 

shown in Figure E-3. It can be seen that the agreement dong the B-Zr solvus is within 

the experimental uncertainty of iO.3at.%Sn at the ends of the lowest tie line (Le., 1755K 

or 982°C). and within the scatter of the experimental data for the tie lines at hi-her 

temperatures, where the data is scarce. 
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Figure E-3. The Zr-Sn phase diasram at the Zr-rich side. 

Because this system describes the principal components of Zircalloy, the solution 

properties that have been determined for a-Zr and P-Zr can now be used to perform a 

Gibbs enerçy minimization calculation for Zircalloy reacting with water. 

Zircaiioy 
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