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CHAPTER I 

INTRODUCTION 

1-1. FISSION PRODUCTS IN NUCLEAR FUEL 

This thesis describes an investigation into the high-teaperature ther

modynamic properties of the intermetallfc compounds of uranium with the 

light platinum metals, ruthenium, rhodium and palladium. These inter-

metallic compounds are of technological importance because they are 

formed during fission of nuclear fuel in a reactor. 

In mixed uranlum-plutonium oxide fuel, (U,Pu)C2, these compounds have 

been identified as face-centered cubic (U,Pu)Me3 phases (Me = Ru, Rh 

and Pd) fl]. The importance of (U,Pu)Me, phases In reactor technology 

is that considerable plutonium enrichment d,5] has been found in these 

phases compared to the U/Pu ratio in mixed oxide fuels. In addition, 

the (U,Pu)Me3 compounds have a very high resistance to dissolution in 

acids, which will cause ur.desired plutonium losses during reprocessing. 

During neutron-induced fission of uranium and plutonium, according to 

U(Pu) + n •*• X. + X, + vn + energy 

the fission products X and X are formed in concentrations which de

pend on: 

a. the concentrations of uranium and plutonium in the fuel, 

b. the neutron energy spectrum (thermal or fast). 

The symbol v stands for the number of neutrons, which is about 2.5, 

depending on the neutron energy spectrum. 

When the yield of the fission products is plotted against mass number a 

graph is obtained with two peaks (fig. I.I.). For plutonium-239 in a 

fast reactor the peak on the left is composed mainly of the elements 

strontium, yttrium, zirconium, molybdenum and technetium, having the 

mass numbers 88-100, and the light platinum metals (Ru, Rh and Pd) with 

mass numbers 101-108. The peak on the right consists of the elements 

xenon, cesium and barium (mass numbers 131-138), and the rare earth 

metals (La, Ce, Pr, Nd, Pm, Sm) with mass numbers 139-152 [2,3]. The 

yield of fission products has been given in fig. 1.1. for plutonium-
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239. For fission of uraniua-235 in a fast neutron flux, and tlso of Pu-

239 and U-235 in a therval neutron flux. the yield of light platinum 

aetals will be lower coapared with the fission of Pu-239 in fast neu

trons (fig. 1.2. and fig. 1.3.) [*]. 

O 5 
-I 
UJ 

> 
Z « 
O 
« 
(0 
u- 3 

2 

' t o so m o n o no no MO no w> 

MASS NUMBER 

Fig. 1.1. Yield-mass curve for fast-neutron fission of Pu 2 3' f2]. 

The fission products described above aay react with each other and with 

the matrix and fora very stable compounds. 

Kleykaap [5], on the basis of post-irradiation studies, has classified 

the types of compounds formed into three groups: 

a. fission product - fuel component phases, 

b. fission product - fission product phases, and 

c. fission product - cladding material Inclusions. 

Among the fission products the light platinum metals form a dominant 

group. In hypostolchiometrlc mixed-oxide fuel f(U,Pu)02_x)] at high 

temperatures the noble metals Rh and Pd form stable Intermetalllc 
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Fig. 1.3. 

Yield-aass curve for 

slow-neutron fission 

of Pu» 9 UI. 
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compounds with the actinides of the type: (U,Pu)(Rh,Pd) [2,6]. This 

suggests a very negative Gibbs energy of formation of the binary com

pounds. Palladium is a fission product which alloys In a variety of 

other fission products, fuel components and cladding materials. Besides 

the formation of (U,Pu)(Rh,Pd) , precipitation of (Mo,Tc,Ru,Rh,Pd) 

solid solutions occurs [5]. Actinide containing compounds (U,Pu) 

(Pd,In,Sn,Te),+x with high Pd contents and high Pu/U ratios have been 

observed also in the fuel-cladding interface [6]. The (U,Pu)Me phase 

(Me = Ru, Rh and Pd) has been detected in oxide as well as in carbide 

fuel [7]. 

In carbide fuels, the type of compound formed also depends on the 

stoichiometry. The reactions between hypostoichiometric (UC. ) and 

hyperstoichiometric (UC.+X) fuel and various fission products have been 

investigated in detail [8]. In UC, the following noble metal con

taining phases were identified: U (Ru,Rh)C2, (U,R.E.)a(Ru,Rh)b in which 

R.E. are rare earth metals, and (U,R.E.)c(Ru,Rh,Pd)d [9]. In hyper

stoichiometric fuel the phases identified were U (Ru,Rh)C?, and 

(U.Zr) ?d3_h [10]. 
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1.2. PHASE DIAGRAMS OF THE U-Me SYSTEMS 

The extreme stability of the UMe, phases is illustrated by the phase 

diagrams (Me = Ru, Rh and P d ) . It will be seen that the UMe 3 inter-

metallic phases have the highest melting points. 

The uranium-ruthenium system 

In the phase diagram of the uranium-ruthenium system in fig. 1.4. [ll] 

the compound URu, Is formed peritectlcally and melts incongruently at 

2200 

1800 

1400 

1131 

1000 

767 
657 
600 . , , . , . , . 

0 10 20 30 40 50 60 70 80 90 100 
ATOMIC PERCENT Ru 

Fig. 1.4. U-Ru phase diagram [ll]. 

about 1850 °C. URu, is cubic, AuCu3 type, with a - 3.980 A and a calcu

lated density of 14.24 g cm-3 [l2J. 

The uranium-rhodium system 

Park [13] established the main features of the phase diagram of the 

uranium-rhodium system, as given In fig. 1.5. The compound URh, melts 

congruently at 1700 °C. It has been found recently that the melting 

point of URh3 is in fact somewhat higher; 1750 ± 5 °C [14]. 

The compound URh3 is cubic, AuCu3 type, with a - 3.991 A [15]. 
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Fig.1.5. U-Rh phase diagram [13,23]. 

The uranium-palladium system 

The phase diagram of the uranium-palladium system is given in fig. 1.6. 

The uranium-rich part of the phase diagram, up to 75 atom % palladium 

was established by Catterall et al. [16]. The compound UPd, melts con-

gruently at about 1650 °C. 

It has been found recently that the melting point of UPd is somewhat 

higher; 1700 ± 10 °C [14]. The palladium-rich part of the U-Pd phase 

diagram has been studied by several authors [16,17,18], and has been 

found to be very complex. The results of the various authors do not 

agree very well. The compound UPd- is hexagonal, with a - 5.769 A, c -

9.640 A and calculated density of 13.39 g cm"3 [12]. The compound UPd^ 

is cubic, AuCu, type, with a - 4.063 A; and has a variation in its 

lattice parameters with composition [l7]. 
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Fig. 1.6. U-Pd phase diagram [16,17,18]. 
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1.3. PLUTONIUM ENRICHMENT IN (U,Pu)Me3 INCLUSIONS 

The compounds URu3, URh,, UPd, , PuRu_, PuRh- and PuPd- have such a high 

thermodynamic stability that the reaction: 

(U,Pu)02_x
 J 3 Me - (U,Pu)Me3 + (l-0.5x)02 

te'.ces place in the fuel [1,5]. It can thus be concluded that 

AG°((U,Pu)Me3) < AG°((U,Pu)02_x) - (1-0.5X)AG Q (1-1) 

in whicn AGQ - RTln p Q is the oxygen potential for the U-Pu oxide 

fuel, which Is a function of temperature, U/Pu ratio and 0/(U+Pu) 

ratio. PuO» and UO_ form an ideal solid solution, and the AG of the 

solid solution is given by 

AG°((U,Pu)02) - nl AGU0 + n2 AG p u Q + RTf^ In nx + n2 In n2}(l-2) 

in which n, and n- are the mole fractions of U0- and PuO., respective

ly. One of the most crucial parameters for (U,Pu) oxide fuel is the 

oxygen potential AGn . For a given 0/M ratio (M = U+Pu) and for a 
2 

given plutonium concentration, the U-Pu oxide has a higher oxygen 

equilibrium pressure or more positive oxygen potential than pure UO . 

Depending on temperature and composition, the oxygen pressure may be 

many orders of magnitude higher than in the case of uranium oxide of 

the same oxygen concentration, as can be seen in fig* 1.7. [19-22]. 

A quantitative analysis of particular metallic inclusions in mixed-

oxide fuel, (UQ „ Pu. 2)0. adjacent to the central void, gave 18 at % 

U, X at % Pu, 1 at % Ru, 15 at % Rh and 59 at % Pd, which shows a 

significant Pu enrichment in these inclusions [l,5]. Composition and 

structure (fee, a » 4.127 ± 0.002 A) are in agreement with the solid 

solution (U,Pu)Me . 

A range of standard Gibbs energies of formation of (U,Pu)Me3 phases can 

be calculated from relations (1-1) and (1-2) at a given temperature as 

a function of AGn . A prediction can be made of the maximum Pu/U ratio 
2 — 

in (U,Pu)Me3 as a function of AG» at constant T, using the experiment

al values for AG (UMe3), estimates for AG (PuMe3) and an analysis of 
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Fig. 1.7. Oxygen potentials at 2000 K for U0,±x, PuO,_x and 

U0.8Pu0.2°2±x-

solid solutions, as given above [5]. 

The principal investigations described in this thesis with respect to 

the formation of (U,Pu)Me, phases in mixed-oxide fuel are the follow

ing. 

Preparation methods of the UMe, compounds are given in chapter II. The 

enthalpy of formation of UPd, by fluorine bomb calorimetry and the 

Gibbs energies of formation of URh, and URu. by solid state ENF tech

niques are determined in chapters III and IV. Estimation procedures for 

estimating the enthalpies of formation of PuMe, compounds are discussed 

in chapter V. In chapter VI low and high-temperature heat capacity 

measurements of the UMe. compounds are given, and their thermodynamic 

functions are presented. Using these data a model WAS set up to de

scribe plutonium enrichment in (U,Pu)Me3 inclusions as a function of 

the 0/(U + Pu) ratio in oxide fuel. 
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CHAPTER II 

THE CHEMISTRY OF THE UMe3 COMPOUNDS 

II.l. PREPARATION OF THE COMPOUNDS 

11.1.1. Introduction 

In this chapter the preparation of the binary compounds URu-, URh and 

UPd3 will be described. Two different methods are given in the litera

ture: (a) the reaction of the elements, and (b) the reaction of UN with 

the light platinum metals. Both reactions take place at temperatures 

above 1000 °C. 

Since the starting materials, especially uranium, are very sensitive to 

moisture and oxygen, all compounds have to be handled in a glove box in 

order to avoid any contact with oxygen. Purified argon circulates 

through the glove box. 

The reaction mixtures can be heated: 

1. below 1000 °C in a quartz tube which is heated by means of a resis

tance furnace. The sample is placed in a TaC crucible, which was 

chosen because it does not react with the UMe, compounds. The quartz 

tube is assembled in the glove box and then placed in the furnace. 

The tube is connected with the gas purification system (BTS, mole

cular sieves and a column with powdered uranium) and then flushed 

with the purified gas. The temperature of the sample is measured 

with a Pt - Pt/10% Rh thermocouple placed in the furnace near the 

sample. 

2. above 1000 °C using a high-frequency furnace. The equipment consists 

of a pyrex tube and a water-cooled copper concentrator containing a 

TaC crucible placed on an alundum support bar. The sample is placed 

in the TaC crucible. After the pyrex tube has been assembled the 

equipment is taken out of the glove box, placed within the induction 

coil and connected with the gas purification system. The system is 

flushed sufficiently with purified gas and the TaC crucible is heat

ed by the induction coil. The temperature is measured with an optic

al pyrometer, the temperature readings being taken on the black-body 

hole of the TaC crucible. The accuracy of the readings is about 

5 °C at 1000 - 1500 °C. The pyrometer used for this equipment was 
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calibrated at the Van Swinden Laboratory, The Hague. 

The phases present in the reaction products have been determined by X-

ray analysis on Guinier films. 

II.1.2. Preparation of starting materials 

Starting materials for the preparation of the intermetallic compounds, 

palladium, rhodium and ruthenium, were available as powders of 99.99Z 

purity (Johnson & Matthey Chemicals Ltd.). These were heated at 500 °C 

in vacuum to remove any adsorbed moisture. Palladium powder was not 

heated above 400 °C to avoid sintering. 

The X-ray patterns of the platinum metals were in agreement with those 

found in the literature: ruthenium has a hexagonal structure with lat

tice parameters a =• 2.7057 A; b =•= 4.2812 A [l], while rhodium and pal

ladium have fee structures with a = 3.796(1) A [2,3] and a = 3.882(2) 

A, respectively [4,5]. 

Uranium powder was obtained by hydriding metallic uranium at 300 °C, 

followed by dehydriding at 450 °C: 

7 300 °C 
U + lh H2 + UH3 (argon/H ) 

~ 450 °C 
UH3 • U (porous) + l \ H (argon) 

This process was repeated several times to obtain a finely divided 

uranium powder. The final dehydriding step was carried out in pure 

argon. The X-ray diffraction results showed the uranium to be a» or-

thorhombic with lattice parameters a * 2.854 A, b » 5.869 A and c * 

4.955 A [6]. Below its melting point, uranium has the ^-modification 

(774.8 °C - 1132.2 °C (m.p.)) with the bec structure with a - 3.53 A at 

800 8C [7]. 

Uranium nitride, UN, was prepared by the reaction of finely divided 

uranium powder with nitrogen. At 700 °C uranium sesquinitride, Ü2N,+X, 

is formed: it is decomposed in vacuum or inert atmosphere to UN at 

1400 °C: 
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700 'C 
2 U + *(3+x) N2 + u

2
N3+x (N

2
} 

followed by: 

1400 °C 
ü2N3+x t 2 ÜN + *<1+x> N

2 (»rgon) 

The X-ray pattern of UN is in agreement with that described in the 

literature (fee NaCl-type, a - 4.890 A [8])- The results of the chem

ical analyses of uranium and UN are given in table 2.1. 

Table 2.1. Analytical results for U and UN: mass fraction w and molar 

mass M. 

compound 

U 

UN-34 

UN-35 

UN-37 

UN-40 

M 

mol 

238.029 

252.036 

252.036 

252.036 

252.036 

102 w (U) 

found calculated 

100.00 

94.42 94.44 

94.38 94.44 

94.23 94.44 

94.50 94.44 

102 w (N) 

found calculated 

5.45 5.557 

4.41 5.557 

5.49 5.557 

5.48 5.557 

102 w (0) 

0.165 

0.046 

0.128 

0.155 

102 w (C) 

0.043 

= 30 ppm 

70 ppm 

130 ppm 

Uranium tetrafluoride, UF^ (Merck), is a green, hygroscopic compound 

(m.p. 1036 °C). Two methods can be used to remove moisture: 

a. heating a mixture of NH HF_ and UF. in an inert atmosphere at 500 *C. 

By this method partial reduction may occur: 

6 UF4 + 2 NH3 • 6 UF3 + 6 HF + + N2 + 

b. heating UF,̂  in hydrogen fluoride. Special equipment with PTFE (Tef

lon) and copper connections, had to be used for these experiments 

because of the reaction between HF and the glass. The UF. was loaded 

into a platinum crucible and placed in a nickel furnace tube. The 

tube was flushed with argon, and connected with the gas purification 
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systea. The saaple was heated in a HF/argon aixture for several 

hours at 600 *C, followed by 16 hours in argon at 600 *C. The X-ray 

pattern of UFH was in agreeaent with the literature data for the 

aonoclin.'c crystal [9]: a * 12.73 A, b - 10.75 A, c * 8.43 1 and p * 

126#20', below 833 *C. 

In order to prepare caloriaetric UF saaples, other preparation aethods 

are recoaaended [15]: 

c. the reaction of hydrogen fluoride with UH 's) at 850 K, and 

d. the reaction of hydrogen fluoride with UC1 (s). Uraniua .etrafluo-

ride was prepared by slowly passing (0.5 HF + 0.5 Ar) in a nickel 

tube at about 850 K over solid UC1 for several hours. 

Uraniua trifluoride, UF,, has a dark violet colour (a.p. 1425 *C); it 

is less hygroscopic than UFI|. For the preparation of UF., a aixture of 

finely divided uraniua powder and UF^ was heated in argon at 1050 *C 

for about 3 hours. The X-ray diffraction results showed it to be hexag

onal with lattice paraaeters a - 7.179 A and c - 7.245 A [l0]. 

A caloriaetric uraniua trifluoride saaple was prepared [15] by the 

reaction of uraniua tetrafluoride with a stoichioaetric aaount of ura

niua hydride in a slow streaa of argon at teaperaturcs which were slow

ly increased froa 700 to 900 K during 5 hours. 

Nickel fluoride, NiF (Cerac), was purified and crystallized in the 

saae way as UF. , by heating in a HF/argon aixture (nickel tube, plati-

nua crucible) for 4 hours at 700 *C. To iaprove the crystallinity, a 

second heating in argon for 15 hours at 700 "C was required. The X-ray 

diffraction pattern showed only tetragonal NiF. with lattice paraaeters 

a - 4.6505 A, c - 3.0837 A [U]> The results of the cheaical analyses 

of UF. , UF and NiF and the caloriaetric saaples UF -18 and UF -6 are 

given in table 2.2. 

II.1.3. Preparation of the UHe coapounds 

II.1.3.1. UPd3 

For the preparation of UPd3 the following reactions were used: 

a. U + 3 Pd + UPd3 

b. UN + 3 Pd • UPd3 + \ N2t 
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Table 2.2. Analytical results for UF%, VTJ and MiF2: mass fraction, w 

and nolar mass, H-

compound 

UF%-7 

OFj-1 

»iF2-4 

UF^-18 

ÜF3-6 

N 

nol 

314.023 

2*5.024 

96.707 

314.023 

295.024 

10? w(U) 

found calc. 

75.7 75.8 

80.5 80.7 

-

75.61 75.80 

80.54 80.68 

10* w(Ni) 

found calc. 

- -

-

60.7 60.7 

10? w(F) 

found calc-

22.5 24.2 

19.1 19.3 

37.9 39.3 

24.35 24.20 

19.33 19.32 

102 w(0) 

0.203 

0.156 

1.016 

0.014 

0.074 

Palladium Bonder and uranium nitride (or uranium powder) were nixed in 

the nolar ratio Fd/U * 3.00. The components were carefully weighed and 

(round in the glove box; pellets of these mixtures were also made in 

the box. After the first heatings at about 1050 *C, the X-ray patterns 

showed poorly crystalline products and incomplete reaction. In order to 

get pure and crystalline UFd-, grinding and heating at about 1080 *C 

was repeated several times. After each heating, the progress of the 

reaction was followed by X-ray diffraction. After a second heating, the 

X-ray pattern of one of the samples was almost similar to that calcu

lated for a cubic fee structure with a0 • 4.05 X. This is probably 

UPd% which has a fee structure (Cu-Au-type) with a - 4.063 X [12]- The 

X-ray patterns of the final preparations showed predominantly UPd, 

which has a hexagonal symmetry with a - 5.769 X and c - 9.640 X [13]. 

In some experiaents uranium was used as a starting material. However. 

this method was rejected because U reacts with the TaC crucible. Some 

samples were heated by electron bombardment. 

Other workers have prepared UPd. by heating in an electron beam. Our 

experience has shown that pellets of UN + Pd disintegrate rapidly when 

heated in this way. The X-ray pattern of one pellet showed the outside 

layer to be more rich in UPd.(hex) than the inner layers. We conclude 

that pure UPd. cannot be prepared by this technique. 

As a starting aaterial UN is superior to U for the following reasons: 

UN does not aelt, it is less oxygen sensitive, and does not react with 

TaC at high temperatures. 
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Finally, about 50 graas of pure, crystalline üFd, were prepared by the 

reaction of (M and palladlua as described above. This sample was used 

for the investigations on the stolchtoaetry, for neasureaents of en

thalpy increments ("t~*29t)> ••* for low-teaperaturo heat-capacity 

neasureaents. A complete analysis of this sample is given in table 

2-3. 

11.1.3.2. UM»3 

For the preparation of URhj, uraniua nitride and rhodium powder were 

nixed in the aolar ratio Rh/C * 3.00. The components were weighed and 

ground in a glove box. After heating and grinding the mixtures several 

times, pure and crystalline 0th, was obtained. 

The alxtures were heated ia a high-frequency furnace at approximately 

1100 *C TaC was used as the container material. To remove 00,, the 

sample was washed with HUj/R^O « I and dried in argon at 500 "C. The 

X-ray patterns of the final inth.-preparations showed the presence of 

only face-centered cubic URh (Cu Au-type). This is in agreeaent with 

the structure found in the literature f 14] with a * 3.991 A. 

The results of back reflection neasureaents on Uth, .. and üth. _ 

did not show any difference in the lattice parameters of the samples-

It can be concluded that there is no solubility of Rh in Uth . The X-

ray diffraction results of the UHe coapounds are given in table 2.4. 

About 30 graas of UUi were prepared for the theraodynaaic neasure

aents. 

11.1.3.3. 0Ku3 

URu_ can be prepared by the reaction of UH and ruthenlua powder: 

UM • 3 Ru • ü»Uj + \ n2 

Mixtures in the nolar ratio Ru/U * 3.00 were prepared. The coaponents 

were handled as described above, and heated at about 1300 *C. The X-ray 

patterns of the URu -saaples showed the presence of only crystalline 

URuj with the face-centered cubic structure (CujAu-type). After the 

final heating the saaples were washed in HBO /H 0 • 1 to reaove UO , 

and dried in argon at 500 *C. For the low-temperature heat-capacity 

aeasureaents, about 30 graas of URu were prepared-
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Table 2.3. Analytical results for UPd,, URh and URu,; .^ar mass M, 

mass fraction w. 

com

pound 

UPd3 

URh3 

URu3 

M 

mol 

557.229 

546.746 

541.239 

102 w(U) 

found calc. 

42.48 42.72 

- * 43.54 

- * 43.98 

102 w(Pd,Rh,Ru) 

found calc. 

57.27 57.28 

56.46 

56.02 

102 w(0) 

0.066 

0.062 

102 w(N) 

0.014 

102 w(C) 

0.021 

0.030 

* URh. and URu, arc insoluble in acidic solutions, such as HCl, HNO 

and H2S0 . 

Table 2.4. X-ray diffraction results of the UMe, compounds. 

compound 

UPd3.0 99 

URh3.000 

"URh3.037" 

URU3.000 

crystal 

structure 

hexagonal 

fee 

fee 

fee 

lattice parameters 

(measured) 

a - 5.773 ± 0.001 A 

c = 9.627 ± 0.002 A 

a = 3.9915± 0.0005 A 
0 

a = 3.9911± 0.0005 A 
0 

a0- 3.979 ± 0.002 A 

lattice parameters 

from literature 

a - 5.769 A 

c = 9.640 A 

a - 3.991 A 
0 

a = 3.991 A 
0 

a0= 3.980 A 

[ref.] 

[13] 

[13] 

[14] 

[14] 

[13] 
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II.2. CHEMICAL REACTIVITY OF THE UMe COMPOUNDS 

II.2.1. Introduction 

As pointed out before (chapter I.I.), an actual problem in nuclear 

industry is the recovery of uranium and especially of plutonium from 

spent (U,Pu)0_ power reactor fuel. Within the scope of this, knowledge 

of the chemical reactivity of the intermetallic UMe. compounds is of 

technological importance. The removal of fission products of the type 

(U,Pu)Me from irradiated fuel, and the separation of plutonium and 

uranium from the platinum metals, constitute principal problems in fuel 

reprocessing. 

Apart from the conventional commercial reprocessing methods, in which 

spent fuel is dissolved in acids, pilot plant studies have been under

taken using fluidized-bed fluoride volatility processes [16,17]. Ad

vantages of these type of processes, in which most powerful reactions 

take place, are: decontamination of uranium and plutonium from fission 

product elements; formation of the uranium product in the form (UFg) 

desired for isotopic separation, formation of the plutonium products in 

a form (PuF ) suitable for conversion to the metal or oxide, and radio

active waste products in a solid form which is desirable for long-term 

storage. 

An excursion Into the chemical reactivity of URu , URh, and UPd in a 

variety of chemical environment has been made; the results are given 

below. 

II.2.2. Reactions of UMe. with non-metallic elements 

a. Reaction of UMe3 with pure oxygen and air. 

UPd, powder reacts with air and oxygen at elevated temperatures to 

form U.O. and palladium metal. 'TRu, and URh, powders react very 

slowly with oxygen at elevated temperatures; only some surface at

tack has been observed. 

b. Reaction of UMe, with fluorine. 

The UMe. compounds do react with fluorine. UPd, forms with fluorine 

a mixture of UF,, Pd(PdF,) and palladium metal, as described in 

chapter III.4. The conversion of the uranium in UPd, is complete at 

elevated temperatures and pressures, using an auxiliary material. 
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The reactions of URu- and URh in fluorine have not been studied 

experimentally; however, it can be calculated that URu, and URh, 

will react with fluorine to form UF,, RuF, and RhF,, respectively. 

11.2.3. Reactions of UMe, with aqueous acidic solutions 

The solubility of the UMe, compounds in solutions of HC1, HNO, and 

H.SO. and combinations of these acids have been given in table 2.5. as 

a function of time, temperature and concentration. About 0.5 grams of 

UMe, were weighed into 100 ml acidic solution. The results in table 

2.5. show that URu, and URh do not dissolve in aqueous HC1, HNO- or 

H.SO , even not in concentrated solutions. Only UPd, dissolves readily 

in concentrated and 6N HNO and in aqua regia. 

It is interesting to compare for instance, the solution behaviour of 

pure rhodium metal and URh, in a mixture of hydrochloric acid and sul

furic acid (HC1/H SO, » 2). Pure rhodium metal dissolves in this mix

ture, while URh3 is only slightly soluble in HCl/H.SO^ = 2 and insolu

ble in concentrated HjSO . This is an indication for the negative AC 

of URh, compared to rhodium in these acids. 

II.2.4. Miscellaneous reactions 

The reaction 

3 UF, + URu, * 4 UF, + 3 Ru •• 3 3 

should take place, as can be calculated from the enthalpies of forma

tion of the compounds in the reaction. 

A pressed pellet of URu,, mixed with UF was heated in argon in a high-

frequency induction furnace at 1150 °C. After the heating two layers 

were visible in the pellet: the upper layer of the pellet had a grey 

colour and contained a large amount of ruthenium, some URu, and a 

little UF.; the lower layer was black and contained almost entirely 

UF,. The natural separation process, taking place in this reaction, is 

an interesting phenomenon. 
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Table 2.5. Solubility of UMe. compounds in acidic solutions 

Solution 

2N HC1 

HC1/H20 = 1 

HCl(conc) 

2N HN03 

6N HN03 

HN03(conc.) 

2N H2SOlf 

HJSO^HJO =» 1 

H-SO (cone.) 

HC1/HN03 - 2 

HCl/HoS0, * 2 
2 "» 

ÜR»," 

time/hours 

01 06 02 

temperature/ °C 

25 25 80 

_ _ _ 

- - -

- - -

_ 

- - -

- - -

_ 

- - -

- - -

_ _ 

- - -

URh3
b> 

time/hours 

01 06 24 02 

temperature/ °C 

25 25 25 

- - 0 

- - 0 

- 0 0 

_ 

-

- - -

_ _ _ 

_ 

_ 

_ _ _ 

- - -

80 

oi) 

oi) 

oi) 

-

-

-

-

-

-

-

-

UPd3
C) 

time/hours 

01 06 24 02 

temperature/ °C 

25 

-

-

-

-

+ 

+ 

-

-

-

+ 

-

25 

-

-

-

0 

+ 

+ 

0 

-

-

+ 

-

25 

0 

0 

0 

0 

+ 

+ 

0 

-

-

+ 

-

80 

02) 

02) 

02) 

+3) 

+3) 

+3) 

0") 

-

01») 

+3) 
-

- : no solubility; 0 : slightly soluble; + : soluble 

colours of the solutions: 1) rose, 2 ) yellow, 3 ) red-brown, *•) yellow 
a ) Ruthenium metal : insoluble in aqua regia, 

soluble in fused alkali [19]. 

soluble in HjSO,, -l- HC1 and concentrated H2SO^, 

slightly soluble in acids and aqua regia [19]. 

soluble in aqua regia, hot HN0, and hot H2SO., 

slightly soluble in HC1 [19]. 

b ) Rhodium metal 

c) Palladium metal 
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II.3. THE STOICHIOMETRY OF UPd3 

II.3.1. Introduction 

From studies of the X-ray diffraction patterns of URtu and URu,, after 

heating mixtures of Rh+URh. and Ru+URu3 at about 1000 °C, it has been 

concluded that there is not solid solubility of Ru in URu, and of Rh in 

URh3 (chapter IV.2.). Therefore EMF techniques have been applied to 

study the integral Gibbs energies of formation of URh, and URu., using 

the combinations: Rh, URh3 and Ru, URu3 in the electrodes of the EMF 

cells. 

As can be concluded from the phase diagram of the U-Pd system, there 

will be solid solubility of palladium in UPd. at temperatures below 

1100 °C; this has been confirmed by preliminaty experiments. In this 

part of chapter II the influence of the solubility of UN and Pd on the 

stoichiometry of UPd. will be studied. 

II.3.2. Experimental 

As starting materials for the solubility experiments were used UPd,, 

palladium and UN. The UPd, samples were taken from the same batch as 

the sample used for the fluorine bomb calorimetry and the high and low-

temperature heat-capacity studies. 

The X-ray diffraction results showed hexagonal UPd, with a » 3.773 A 

and c =• 9.627 A- This result is in good agreement with the lattice 

parameters for UPd, published by Heal and Williams [l3]: a = 3.769 A 

and c = 9.640 A. 

The calculation of the exact stoichiometry of the UPd, samples used in 

our investigations is quite complex, because of the variety of impuri

ties in the samples. A so"tll amount of U0_ was visible in our UPd, 

sample. The sample was carefully analyzed for uranium, palladium, oxy

gen, carbon, nitrogen, hydrogen, and metallic Impurities such as tan

talum (the sample was prepared in a TaC >." -cible). 

Since 0, C and N are most probably combined with uranium to form U0_, 

UC and UN, there will be less uranium available to react with palla

dium. The results of this particular UPd, preparation are presented in 

chapter II.4., in table 3.13. It was calculated that total palladium as 

UPd3 is 37.2330 mass per cent and total uranium as UPd- is 41.3278 mass 
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percent. Based on the analytical results, the purity of the UPd sample 

is 98.6 mass per cent and the calculated stolenioenetry of the sample is 

UPd, „.„. 3.099 

For the preparations of the UPdx phases the following reactions 

were used: 

a- UPd3-099 + y UN t UPdx + % y N2 

b - U P d 3 . 0 9 9 + Z P d J U P d x 

UPd, Q99 powder and uranium nitride (or palladium powder) were mixed in 

the desired molar ratio Pd/U - x. The components were carefully weighed 

and ground, and pellets were pressed in the glove box. After the first 

heatings at 1080 °C during 2 - 3 hours, the X-ray patterns still showed 

small amounts of UN and Pd, which had not yet dissolved in the UPdx 

lattice. Especially the dissolution of UN proceeds slowly. In order to 

obtain UPdx with constant lattice parameters, grinding, pelletizing 

and heating at about 1100 °C was repeated several times. After three or 

more heatings, when UN or Pd were not visible anymore on the X-ray 

patterns, a small amount of sample was mixed with a~SiO_ as an Intern

al standard to calculate the lattice parameters of UPdx from the X-

ray patterns. 

II.3.3. Results 

The results of the lattice parameters of the hexagonal UPdx, from 

samples going from UPd. g through UPd, ~, have been presented in table 

2.6. In some preparations up to nine heatings were required to obtain 

constant lattice parameters for the UPdx-phases. We have made the 

assumption that loss of Pd du- to evaporation is not significant at 

1100 °C. The final results are plotted in fig. 2.1., from which it can 

be seen that the a-axis of the hexagonal UPdx cell remains constant 

to within 0.1 percent of the average (aQ - 5.772 A) going from UPd„ . 

through UPd, . The c-axis of the UPdx cell shows a contraction of 

more than 1 percent of the value for UPd. ... (c0 * 9.627 A) going 

from UPd. , through UPd, ,. When x • 3.3 other reflections were noticed 
3*1 " 3' 5 

in hexagonal UPdx, probably due to the presence of cubic UPd [18]. 
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The crystallinity of the hexagonal phase becomes also poorer. 

- 964 

- 960 

- 956 

- 952 

:/A 

Fig. 2.1. Lattice parameters of hexagonal UPdx as a function of x. 

• •: our results. 

A : Heal and Williams. 

Going from UPd- n to UPd „ there is again a contraction of the c-axis 

(about 0.3 per cent of c - 9.635 A). 

II.3.4. Discussion 

The behaviour of the c-axis in UPd,, in the range UPd, „ - UPd. , is not 
x " 3»o 3*1 

quite understood. There is a maximum in the c-axis between x - 3.08 and 

x » 3.10, possible corresponding with the composition "UPd,". The in-termetallic compound of composition UPd 3.099 gave sharp powder spectra, 

comparable with the results of Heal and Williams [13]. These authors 

have published their X-ray data on a sample of composition UPd . 

However, they did not make any corrections for impurities in uranium, 

such as oxygen, carbon and nitrogen. 

Since the X-ray data of our UPd 
3'099 

sample agree to within 0.1 per

cent with the data of Heal and Williams, we applied our impurity cor

rections for "UPd " (table 3.15.) on their sample. The recalculated 

stoichiometry will be UPd 
3.09' 

This result has been shown in fig. 2.1. 

The theoretical value for the axial ratio c/a of hexagonal closest-

packed structures is 2Z2//3 - 1.633, which makes the twelve smallest 
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Interatomic distances equal. The value for UPdj o g 9 of c/a * 1.668 is 

somewhat larger compared to the theoretical value, but lies within 

2.5 percent of this value. The metallic radii of palladium and uranium 

are very close together: 1.37 A and 1.38 A, respectively. 

Where the c-axis in UPdx is the longest (c/a = 1.668), repulsion be

tween U-Pd is the smallest. 

In contrast to the Laves phases UX2, where there are U-U and X-X con

tacts only, in UPd3 there are U-Pd contacts only [l3]. This could ex

plain that adding Pd to "UPd3" will cause more attraction between U and 

Pd and consequently a contraction of the c-axis, until another struc

ture appears. 



Table 2.6. Solubility of palladium In UPd3 

UPd¥ 
X 

2 806 

2.884 

2.967 

3.077 

3.099 

3.130 

3.150 

3.161 

3.203 

3.225 

3.263 

3.416 

3.499 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

3 

-

-

-

- 5.772(2) 
- 9.611(4) 

-

- 5.771(2) 
- 9.604(5) 

- 5.771(1) 
- 9.592(2) 

- 5.771(1) 
- 9.595(2) 

- 5.772(1) 
- 9.574(2) 

-

-

- 5.766(1) 
- 9.538(2) 

-

Number of heatings 
4 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

• 

• 

a 

m 

a 

* 

a 

a 

a 

a 

-

-

5.774(1) 
9.626(2) 

5.772(1) 
9.608(2) 

-

5.772(1) 
9.597(3) 

5.772(2) 
9.588(4) 

5.769(2) 
9.599(4) 

5.771(1) 
9.572(3) 

5.770(1) 
9.569(2) 

5.771(2) 
9.551(4) 

5.766(1) 
9.544(3) 

5.763(1) 
9.526(3) 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

at 1100 * 
5 

-

-

5.773(1) 
9.624(1) 

5.772(1) 
9.603(3) 

-

5.772(1) 
9.592(3) 

5.772(1) 
9.593(1) 

5.771(2) 
9.586(5) 

5.771(1) 
9.567(2) 

5.771(1) 
9.562(2) 

5.769(1) 
9.552(1) 

5.773(2) 
9.536(4) 

-

c ; 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

and lattice 
6 

-

-

- 5.776(2) 
- 9.619(4) 

- 5.772(1) 
- 9.605(2) 

- 5.773(1) 
- 9.627(2) 

- 5.774(2) 
- 9.589(3) 

-

- 5.774(1) 
- 9.588(2) 

-

- 5.771(1) 
- 9.563(1) 

- 5.770(1) 
- 9.547(2) 

-

-

paraaetera of 
7 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

-

-

- 5.775(1) 
- 9.615(3) 

-

-

- 5.773(1) 
- 9.591(2) 

- 5.773(1) 
- 9.583(1] 

- 5.771(1) 
- 9.581(2) 

- 5.770(1) 
- 9.560(2) 

- 5.770(1) 
- 9.562(1) 

- 5.^68(1) 
- 9.545(1) 

-

-

hexagonal UPd„(A) 
8 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

a 
c 

- 5 773(1) 
- 9.629(2) 

- 5.774(1) 
- 9.635(4) 

- 5.775(1) 
- 9.610(3) 

-

-

- 5.771(1) 
- 9.587(2) 

-

- 5.771(1) 
- 9.582(1) 

-

- 5.769(1) 
- 9.557(1) 

- 5.767(1) 
- 9.543(1) 

-

-

9 

a - 5.773(1) 
c - 9.635(3) 

a - 5.774(1) 
c - 9.633(3) 

-

-

-

-

-

-

-

-

-

-

-

o 
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CHAPTER III 

FLUORINE BOMB CALORINETRY 

III.1. THE CALORIMETRIC SYSTEM 

111.1.1. Introduction 

Boab caloriaetry is a well known technique used in thermochemistry. In 

the past century the first oxygen boab calorimeter was introduced by 

Berthelot [l] to determine heats of combustion of organic and inorganic 

substances in an excess of oxygen, usually up to pressures of 30 atm. 

Until 1957 combustions in halogens were carried out in calorimeters of 

the constant-pressuie flow-type. The use of halogens in calorimetry was 

extended to the constant-volume type, using glass reaction vessels, by 

Gross et al. [2]. 

Fluorine bomb caloriaetry was extended to high-pressure (up to 15 ata 

of fluorine) metal coabustion bombs by Hubbard et al. at the Argonne 

National Laboratory (ANL) in the United States in 1961 [3]. 

This technique has been developed over the past twenty years, and is 

now in precision and accuracy coaparable to other types of caloriaetry. 

Fluorine caloriaetry was developed priaarily to take advantage of the 

extreae reactivity of fluorine [A]. It is often possible to get com

plete reaction of substances with fluorine to fora products of singular 

oxidation states. 

Three basic directions in the developaent of fluorine boab caloriaetry 

have been: 

a. the developaent of techniques for safe operation, since fluorine is 

recognized as a dangerous aaterial[4]; 

b. the developaent of a low-teaperature still in order to obtain fluo

rine of very high purity (99.99Z) and to prevent undesirable side 

reactions [5]; and 

c. to design an apparatus for handling fluorine, such as reaction ves

sels and handling aanifolds, using appropriate construction mate

rials. 

The construction of the calorimeter and reaction vessel, and the calo-

rimetric procedures will be discussed below. 
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CALORIMETER 
CAN 

JACKET 

ROTATING MECHAMSM 

REACTION VESSEL 

a. sectional view 

CAN-STIRRER 

THERMOMETERS-

ROTATING 
MECHANISM 

•HEATERS 

ELECTRICAL CIRCUITS 

TEMPERATURE 
CONTROLLER 

SIGHTGL ASSES 

b. Cop view 

Fig. 3.1. Calorlmetric systen. 
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il1.I.2. The caloriaetric cent 

A sectional view and a top view of the calarlaetrlc l y i f are given 

in fig. 3.1. Here detailed isuaetrlc views of the calaclaeter caw and 

the rancrl— «•anal are given in figs- 3.2 ana 3.3. 

The caloriaeter can is suspensee1 in the Jacket well with three pins 

which rest in plastic V-grooves. There is a I cm air gap hetween the 

can ana the walls of the Jacket to aiataize convection effects. 

The shape of the can is rather sssssal is order to keep its voluae as 

saall as possible. The following iteas are shown in fig. 3.2.: 

a stirrer for circulating water in the can; a ratatlag aaaft with 

hook for opening the valve of the reaction vessel; oil seals through 

which the shafts pass; a haater; a tasxaaaeccr pact, and supports 

for the reaction vessel. 

The tHo-conpartaent nickel reaction vessel (fig. 3.1. and 3.2.) is 

supported by two bearings aoanted on yafcea on the caloriaeter can 

STIRRER 

THERMOMETER 
PORT 

ROTATING SHAFT 

HEATER 

Fig. 3.2. Caloriaeter can. 
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walls. A spring clip (not visible) on the bottom of the can, that 

serves as an electrical lead, is also used for positioning the reaction 

vessel. Electrical energy has to be used for the ignition of substances 

in the reaction vessel. The rotating mechanism in the can works as 

follows: a steel wire, wound on a pulley connected to the tank valve, 

is hooked to a rotating shaft. The tank valve can be opened from out

side the calorimeter, by turning the shaft. The constant temperature 

jacket and the jacket lid (fig. 3.1b.) are interconnected and filled 

with water. The external parts of the jacket are made of nickel-plated 

brass, the inner surface of the jacket (the walls and top of the well) 

and the calorimeter can are chromium-plated copper sheet of 1 mm thick

ness. All the surfaces are polished to minimize heat transfer by radia

tion. The water in the jacket is circulated by stirrers. A centrifugal 

pump at the base of one of the stirrers pumps water through a hollow 

hinge into the double-walled jacket lid which consists of two parts, 

and then back into Lhe jacket. The water level in the lid can be check

ed through sightglassea. Excess of water overflows through a tube. 

The water ia the jacket is maintained at a constant temperature (25 °C) 

to within ± 0.001 °C. A flat nickel wire wound resistance bulb 

(Hallikainen Instr. model 1080), connected with a thermotrol (model 

1053 A) was used to control the temperature. When the jacket tempera

ture is too low, intermittent heat imput is supplied by a 100-watt 

tubular heater. When the jacket temperature has to be raised by 

several degrees a 500-watt beater Is used. Excess heat flows to the 

surroundings which are thermostatted at about 20 °C. 

A synchronous motor drives the calorimeter can stirrer. Fig. 3.1b. also 

shows ports for the calorimeter can theraoaeter (Hewlett Packard, 

model 2801), jacket thermometer and jacket temperatare control

ler, respectively. The calorimeter heater terminals, jacket heater 

terminals, and terminals for the electrical ignition circuit are com

bined in electrical circuit». 

The calorimetric system described above has been described earlier for 

a rotating reaction vessel by Hubbard et al. [6]. The reaction vessel 

used in our investigations is shown in fig. 3.3. A two-compartment 

combustion bomb is required, for instance, when substances are studied 

that react spontaneously. 

With this type of reaction vessel, the reacting gas can be isolated 
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Fig. 3.3. Reaction vessel. 

from the calorimetric sample until it is desired to start the reaction. 

Nuttall et al. described the two-compartment combustion bomb [7]; the 

tank valve (H) has been improved since. 

Compounds of which the heat of combustion in fluorine has to be de*-jr-

mined are accurately weighed in nickel crucibles in a glove box and 

placed on the nickel bomb head (G) within the retaining ring (C). The 

bomb head has been pressed tightly against the nickel wall (d • 0.5 cm) 

of the bomb body (B) by means of a special constructed joint. A very 

effective seal was obtained with a gold gasket inserted in a PTFE 
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gasket (F). The nickel fluorine tank (A) has been charged with purified 

fluorine (99.99Z) up to pressures of 18-24 atm. In the glove box the 

tank, which fits concentrically around the bomb body, has >^en connect

ed with the bomb head. All metal parts which come in contact with fluo

rine (fittings, tube and valves) are made of nickel. Gaskets, insula

tion and the valve button are made of PTFE. 

After assembling and taking out of the glove box the system can be 

evacuated by means of a valve in the bomb head (not visi' \e in fig. 

3.3). The two electrodes (D) are used if samples have to be electrical

ly ignited. One of the electrodes has been isolated with PTFE (E). 

III.1.3. Experimental procedures and calibration of the calorimeter 

When it has been decided which type of reaction vessel has to be used 

in the combustion experiments, a series of calibrations can be perform

ed. In all our combustion experiments a two-compartment high-pressure 

nickel reaction vessel had to be used. The calibration was performed by 

measuring the temperature rise after burning of benzoic acid in oxygen 

in order to determine the energy equivalent of the calorimetric system 

f e (calor)) under experimental conditions. Benzoic acid [National 

Bureau of Standards; sample 391; certified energy of combustion under 

prescribed conditions: -(26.434 ± 0.003)kJ g-*) was pressed in a series 

of pellets of approximately 1 gram each. A benzoic acid pellet and a 

piece of cotton thread were accurately weighed in a deep (3 cm) plati

num crucible of about 3.5 grams. Two platinum electrodes were connected 

with the nickel electrodes in the bomb. The platinum electrode in con

tact with the bomb was bent concentrically as a support for the plati

num crucible containing the sample. The electrodes were interconnected 

with a very thin (d - 0.005 cm) platinum ignition wire. The cotton 

thread was tied to the middle of the Pt-wire and the other end was 

placed underneath the benzoic acid pellet. A combustion is started by 

discharging a capacitor (charged to 100 V) through the ignition wire, 

which will cause the cotton to burn and ignite the benzoic acid pellet. 

A small platinum crucible with 1 ml of water was placed on the bomb 

head. After the bomb has been assembled and the evacuated tank has been 

connected with it, the bomb will be flushed with oxygen three times and 

then charged to 30 atm. with oxygen. 

Water is added to the can. The calorimeter can (including the water) 
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and the can lid are placed on a balance, and the amount of water in the 

can is adjusted against a tare weight to ± 0.03 g. Total weight of 

water and can is about 4 kg. The lid is then placed on to( of the can, 

in order to avoid vaporization of the water, and the can is placed in 

the jacket well. The wires of the can heater and the ignition wires of 

the can are connected with the electrical circuit of the jacket. The 

lid is taken off the can, and the charged bomb is carefully lowered 

into the calorimeter can, placed on two yokes and positioned by a clip. 

(In an experiment where the tank valve has to be opened, the steel wire 

connected with the valve has to be hooked on the rotating shaft). The 

calorimeter can lid is pressed into its place after a standard time of 

two minutes and one half of the jacket lid is lowered over the well. 

The calorimeter can thermometer is placed into position, the caa stir

rer is connected with the motor, and the rotating shaft with a pulley 

(which will not be used during calibrations). After lowering the second 

half of the jacket lid, the calorimeter can is heated to a temperature 

about 0.06 *C lower than the temperature at which observations of the 

initial period are to be started. The temperature of the calorimeter is 

allowed to drift 0.06 °C in about 10 minutes. 

During the experiment the temperature is printed every 10 seconds. A 

typical temperature-time curve of an isoperibol bomb calorimetric ex

periment (the combustion of one gram of benzoic acid in oxygen) is 

given in fig. 3.4. This curve gives the information by which the heat 

of combustion is evaluated. The measurement of the heat of combustion 

starts when the sample is ignited electrically or by opening the tank 

valve and bringing the reactive gas into contact with the sample. 

The evaluation of the results is as follows. 

In practice the calorimeter is not perfectly isolated and a correction 

has to be made for the heat transport from the inner vessel (calori

meter) to the surroundings (jacket). According to Newton's law the 

temperature of the calorimeter approaches that of the jacket asymptot

ically. 

The rate of change of temperature is given by: 

60 
- - a(0o - 0) (3-1) 
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Fig. 3.4. Temperature - time curve of an isoperibol bomb calorimetric 

experiment. 

where 0 * temperature of the calorimeter. 

0 - temperature of the jacket. 

a • constant. 

A graphical method [8], based on linear extrapolation of initial and 

final period, is often used to correct for the exchange of heat (see 

for example fig. 3.4). 

The convergence temperature G can be calculated from the relation: 
c 

© f i n a l - °<0c - Qm,f) (3-2) 
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where (rr")ff •, " the rate of change of teaperature in the final 

period. 

9 » convergence teaperature. 

0 f * teaperature in the middle of the final rating period. 

The corrected teaperature rise AG is given by: 
corr 

t 
A0 (Gf - Qt) - Jf a[ c - 0)dt (3-3) 

corr _ 

where t. * tiae at beginning of reaction, 

t, » tlae at coapletion of reaction. 

0. » teaperature at t,. 

0 f " teaperature at t,. 

A 0 c o r r has been derived as follows: 

All caloriaetric teaperatures were aeasured to 0.1 aK with a quartz-

crystal thermometer [9] (Hewlett-Packard Model 2801 A), which averaged 

teaperature readings over a constant tiae Interval. The teaperature 

readings were transferred via a coupler (Hewlett-Packard Model 2540) to 

a teletypewriter (Teletype Corporation Model ASR-33), which simultan

eously give a printed record and a punched paper tape. The corrected 

teaperature rise of the experiaent was machine-computed from the punch

ed tape. 

111.1.4. The determination of reaction mechanism and analysis of 

calorimetric samples 

The uncertainties associated with the fluorine combustion calorimetry 

of most inorganic substances are due to uncertainties in the analyses 

to define the sample, the reaction mechanism, or the state of combina

tion of Impurities, rather than uncertainties in the calorimetric 

method tself. 

In any reaction calorimetry, but especially in fluorine calorimetry, 

the following determinations are very important: 

a. the main reaction, the amount of reaction, and possible side reac

tions, 

b. the exact stoichiometry of the sample, and 
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c- the impurities in the sample in ppm quantities. 

Determination of the amount of reaction is usually by weight of sample 

introduced into the bomb and determination of the amount of unreacted 

sample (residue). 

Solid combustion products have to be examined by X-ray diffraction and 

if necessary by chemical analysis. 

For instance, in the combustions in iluorine of the palladium in UPd,: 

UPd3 + F2(g) + OF6(g) + Pd(PdF6) + PdF2 + Pd 

the amount of reaction was about 80-85 mass percent formation of 

Pd(PdF )(c); the main reaction was the formation cf Pd(PdF.) but as a 

side reaction about 5 mass percent PdF_ was formed, which was determin

ed by X-ray diffraction. About 10-15 mass percent of the palladium did 

not react with fluorine. 

Gaseous reaction products can be trapped in steel cylinders with liquid 

nitrogen, fluorine can be pumped off and the remaining gas examined by 

mass-spectroaetry, gas chromatography or other techniques. For axample, 

in the UPd -experiments carbon WAS used as an auxiliary material: 

C + 2 F2(g) - CF^g) 

After the combustions the CF. gas was analyzed by gas chromatography 

and about 0.03 aol percent C-F, and C,F8 gas was detected. 

Analytical methods have been used to determine total uranium, fluorine 

and palladium in the calorimetric samples, as well as traces of oxygen, 

nitrogen, hydrogen, carbon and metal «purities. 

In order to set up an analytical method for traces of impurities in 

calorimetric samples, the following aspects are Important: 

a. all impurities in the starting materials have to be known, because 

the heat of combustion of the impurities in fluorine can differ 

considerably from the heat of combustion of the calorimetric samples 

in fluorine (see below, tables 3.3., 3.4. and 3.5.), 

b. the preparation methods, including gasses used during preparation, 

container materials and cleaning agents (such as SIC to remove U0. 

from metallic uranium) have to be studied. 

Short summaries of the analytical methods used will be given below. 
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Determination of uranium 

Uranium contents in samples were determined at The Netherlands Energy 

Research Foundation (ECN) by a computer-controlled potentiometrlc 

titration method described by Slanlna et al. [lO]. 

The method Involves: control of burette, imput of titration parameters 

(concentration of titrant and temperature), continuous measurement of 

the potential, and, finally, determination of the end-point of the 

titration. 

For the redox titrimetric determination of uranium, the method of 

Davies and Gray [ll] has been used. Uranium is reduced to U(IV) in a 

solution containing H,P0. by an excess of FeSO^. All remaining Fe(ll) 

is oxidized to Fe(III) by a mixture of HN03, (NH^)2 MoO,, (ammonium 

molybdate) and NHJSOJH (sulphamic acid), and the resulting U(IV) solu

tion is titrated with 0.05 N K2Cr20?. The end-point Is determined by 

means of a platinum electrode. This method has a very high accuracy; 

better than 0.05Z. In our Investigatio .s the method has been used to 

determine uranium in UF, , UF,, UPd. and UN. 
't' 3 3 

At Argonne National Laboratory (ANL) a standard method for colorlmetric 

determination of uranium in aqueous solutions (ASTM designation: E318-

69; reapproved 1974) has been used. The method Is based upon the 

measurement of the absorbance of the uranium -dl- benzoylmethane com

plex at 415 nm [12]. 

Uranium In the measured volume of sample is first oxidized to U(VI) by 

potassium permanganate. 

With this method as little as 0.5 ugU/ml can be detected. The method 

has been used mainly to determine small amounts of unreacted uranium 

left in the combustion bomb after the combustions of UPd- in fluorine. 

The UPd. combustion residues were dissolved in 100 ml sample solution 

(HC1 and H.SO^/HNO,). The experimental values were ranging between 

0.25 ugU/ml and 2.68 ugU/al. 

Large amounts of uranium in, for instance, UF or UF, can also be de

termined colorimetrlcally. The results for the uranium content in UF.-

14 using both the ANL-method and the ECN-method are In good agreement 

(table 3.1.). 

Determination of fluorine 

At ECN the same computer-controlled potentiometric titration set-up, as 
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Table 3.1> Analytical results 

Uranium content (mass percent) 

Sample 

ANL ECN Theoretical 

UF.,-14 75.57 ± 0.15 75.62 ± 0.05 75.80 

75 .53 + 0.15 

described for uranium [l0], has been used for determination of fluo

rine. A sample changer and sample-diluter were added to the apparatus, 

and F ~ has been determined by means of an ion-selective electrode. 

Using this method the amount of fluorine in UF , UF, and NiF. has been 

determined. 

At ANL fluorine was determined in different samples containing small 

amounts dissolved in 0.6 N HC1. An aliquot of the solutions was pyro-

hydrolysed at 900 °C in a H.O-saturated oxygen atmosphere, using l>30g 

as an accelerator. Next an aliquot of the distillate was titrated by a 

standard additions technique (NaF-titrant) using a fluoride ion sensi

tive electrode. The method was used to determine small amounts of F 

(3.7 - 10.8 p.g F ~/ml) in the post combustion residues of UPd3 and 

Pd(PdF6). 

Determination of palladium in UPd, 

A sample of UPd3 was dissolved in HC1-HN0,. After dissolution H-S0 was 

added and HC1-HN0, was fumed off. After dilution the solution was fil

tered and the palladium in the solution formed a deposit on a platinum 

kathode, by passing a current through the solution (current 0.i_" amp. 

during 1.5 hours). 

Palladium can also be determined colorimetrically using 2-nitroso-l-

naphthol. This method is based upon the measurement of the absorbance 

of the purple palladium 2-nitroso-l-naphtholate complex in toluene at 

370 nm [13]. The procedure is accurate to within 1 mass percent Pd. 

This method was used to determine palladium in some Pd(PdF-) prepara

tions. 
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Determination of oxygen at Los Alamos Scientific Laboratory 

The determination of oxygen in ppm quantities in metals and inorganic 

materials was performed at Los Alamos Scientific Laboratory (LASL), Los 

Alamos, New Mexico in the United States, by a capillary trap method, 

without high vacuum [14,15]. The sample is dropped into molten platinum 

in a graphite crucible. Oxygen in the sample reacts to form carbon 

monoxide, which is swept out by a stream of argon at atmospheric pres

sure, oxidized to carbon dioxide, which is then condensed in a capil

lary trap and measured with a capillary manometer. The apparatus is 

sensitive to 3 ppm of oxygen. The method was modified by adding a MgO 

trap to remove fluoride in UF and UF [16]. 

Determination of hydrogen at Los Alamos Scientific Laboratory 

One method used '.as inert gas fusion in a LECO RH-1 Hydrogen Determine-

tor. The sample was contained in a Ni capsule to prevent sublimation 

and sodium thiosulfate was added to the absorption train to trap fluo

ride. This analyzer and method are described in literature from the 

LECO Company. 

In another method used, the sample is heated to 950 °C in argort and the 

evolved gases are swept through heated CuO into a moisture monitor (CEC 

or similar). The water (H ) is measured by integrating the moisture 

monitor signal [17]. 

Determination of HF in UF, at ECN 

Traces of HF in UF. can be determined as follows: 

The UF. sample was heated in an argon flow at 800 °C, and HF was swept 

out and trapped in a liquid-nitrogen cooled trap. Next the HF was 

transferred into NaOH and F ~ was determined. 

Determination of nitrogen at ECN 

Both mass spectrometric and chemical procedures can be used to deter

mine nitrogen in uranium dioxides as well as in UN and UPd,. 

The chemical determination of nitrogen used at ECN was based on the 

classical Kjeldahl procedure [18]. The samples were first dissolved in 

a sulphuric-phosphoric acid mixture, any nitrogen present being con

verted to ammonia in the process. 

The ammonia was separated by distillation, in the presence of Devarda's 
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alloy, from an alkaline solution (NaOH) of the dissolved sample. The 

aaaonia in the distillate was determined by spectrophotometry using the 

phenol hypochlorite (Nessler's) reagent procedure. 

Determination of carbon at ECN 

Small amounts of carbon (ppa quantities) In uranium, UN and UPd, were 

determined by combustion of the saaples in oxygen and detection of the 

amount of C02 swept out in a high-frequency analyzer. For the determin

ation of carbon in URh3, about 500 mg URh3-sample was mixed with 1 gram 

of small pieces of iron and melted. The carbon content of this mixture 

was determined as described above. This procedure was followed because 

of the poor reactivity of pure URh with oxygen. 

Determination of metallic impurities at ECN 

Two different methods have been used to determine metallic impurities 

in ppm quantities in U, UN, UPd and URh,. 

a. the atomic absorption technique. With this method Ta has been deter

mined in UPd3 (85 ± 5 ppm) and In URh3 (130 ± 20 ppm). This tech

nique is also suitable to detect Al, Cr, Fe, Ni and other elements 

which are commonly found in uranium metal. Si cannot be detected in 

ppm quantities with atomic absorption; 

b. the emission spectrographs technique. Emission spectrographs an

alysis for an uranium sample are given in table 3.2. 

III.I.5. Impurity and stoichiometry corrections for UF and UF, 

A considerable problem in the coabustion experiaents of UF and UF was 

the impurity correction and stoichioaetry correction for the saaples. 

The main reason is that the heats of reaction in F of UF and UF to 

form UF (g) are not very large, whereas, the heats of reaction in fluo

rine of many possible impurities, such as U0-, UN, UC, C and H to form 

UF6, CF,̂  and HF, are very large. 

One of the UF^-samples contained a total of 0.66 mass percent impuri

ties which implied a heat correction of about 3.0 percent of the total 

heat involved in the experiments. The UF -sample contained 1.3 mass 

percent impurities with a heat correction of about 1.9 percent of the 

total heat, and the UPd -sample contained 3.1 mass percent impurities 

with a heat correction of 3.4 percent of the total heat involved in the 



- 57 -

Table 3.2. Emission spectrographs analysis of ~o-zaal~ uranium 

ctalllc impurities in "a-xaal" uranium 

Impurity mass impurity aass 

percent percent 

Al 0.0011 Ho 0.0001 

Cu 0.0002 SI 0.0020 

Fe 0.0045 Sn 0.0001 

Hn 0.0004 Ni 0.0025 

experiments (see chapter III section III.2 and III.4.). The state of 

combination of iapurlties in the saaples has to be studied also; this 

is a specirl problea In saaples containing uraniua. 

An oxygen analyses in UF or UF_ does not answer the question whether 

the oxygen is present as oxygen in solution or as UO,. The solid solu

bility of the eleaents 0, C, N and N in inorganic uraniua compounds 

such as VF^, UF, and UPd3 is expected not to be aore than 30 ppa [19]. 

The reaainder of the lapurities 0, C, N and H will be present as U0., 

UC, UN and HF which also Implies a change in stoichioaetry of the com

pound under consideration. 

Three different ways to apply the impurity correction for UF -14 will 

be illustrated In tables 3.3., 3.4. and 3.5. In table 3.3. all traces 

of Impurities are neglected in making the calculations for AH? (UF,,, c, 

298.15 K). 

If we make the assumption that all traces of impurities are present in 

solid solution in the caloriaetric saaple, we will obtain a aore nega

tive value for AH° (UF,,, c, 298.15 K), as illustrated in table 3.4. 

Another approach will be that the lapurities 0,C, and N will be 

present as U0,, UC and UN in the calorlaetric saaple (UH, is not stable 

at the preparation temperature of the sample); and Fe, Ni and Al will 

be present as fluorides. The results are presented in t3ble 3.5. 

We conclude that, If we take into account the impurities and the state 

of combination of these iapuritles in UF^-14, we will obtain a aore 

negative value for AH^(UF^, c, 298.15 K). This value for the enthalpy 



of f o ~ t t o n  of UP, w i l l  be about 9 U -1-l more negative compared 

to the value obtained when impurities in UF,-14 are neglected. 
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Tabic 3.3. Analysis aai iapnrity corrections for UF^-14 

iapurltles present 
In UF^-14 

total 
element aass iapurity mass heat of total total 

percent percent combust ton U as VT. t as CF. 

U 75.62 75.62 
F 24.36 24.36 

••-f» + 0.00 0.00 75.62 24.36 * 
• 0.04 75.62 24.14 (UFj 

excess F 0.22 0.22 ~ 

total 0.22 0.00 * 

•ass and iapurlty correction for UF -14 

(1 - 0.0022) t VrH * -(907.8 - 0.0) J g"
1 

Aü'VlKUF^) - - 909.8 J g"l 

AU° (OF ) - - 285.7 kj nol"! 
c * 

AH° (ÜF ) - - 288.2 kJ nol-* 

and AH®(UF%, c. 298 K) - - 1909.0 kJ e»!*» 
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Table 3.4. Analysis and impurity correction for UF.-14 

element 

U 
F 
0 
C 
N 
H 
Fe 
Ni 
Si 
Al 

total 
mass 
percent 

75.62 
24.36 
0.0363 
0.0043 
0.0020 
0.0028 
0.0083 
0.0019 
0.0030 
0.0015 

100.0401 + 

+ 0.04 

impurities present 

impurity 

O(sol) 
C(sol) 
N(sol) 
H(sol) 
Fe(sol) 
Ni(sol) 
Si(sol) 
Al(sol) 

excess 

total 

in UF,-14 
4 

mass 
percent 

0.0363 
0.0043 
0.0020 
0.0028 
0.0083 
0.0019 
0.0030 
0.0015 

0.0601 

F 0.2200 

0.2801 

heat of 
combustion 
(J g"1) 

-
3.33 
-
7.59 
1.46 
0.21 
1.72 
0.84 

15.15 

15.15 + 

total 
U as 
UF, 

75.62 

75.62 
75.62 

total 
F as 
UF, 

24.36 

24.36 + 

24.14 

(UF,) 
0.22 

mass and impurity correction for UF,-14 

(1 - 0.002801) g UF, = -(907.8 - 15.2) J g"l 

AU°/M(UF4) = - 895.1 J g"
1 

AU° (UF,) - - 281.1 kJ raol-1 
c •• 

AH° (UF ) - - ,i83.6 kJ mol-1 

and AH°(UF^, c, 298 K) =• - 1913.6 kJ mol-1 
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Table 3 . 5 . Analysis and impurity correct ions for UF -14 

to ta l 
element mass 

percent 

impurities present 
in UF-14 

mass heat of total 
impurity percent combustion U as 

(J g"1) ÜF„ 

total 
F as 
UF, 

u 
F 
0 
C 
N 
H 

Fe 
Mi 
Si 
Al 

75.62 
24.36 
0.0363 
0.0043 
0.0020 
0.0028 

0.0083 
0.0019 
0.0030 
0.0015 

100.0401 + 

+ 0.04 

uo2 
UC 
UN 
H(sol) 
HF * 
FeF 
NiF, 
SiC ** 
A1F3 

excess 

total 

0.3063 
0.0625 
0.0360 
0.0025 
0.0059 
0.0139 
0.0031 
0.0043 
0.0047 

0.4392 

F 0.3179 

0.7571 

12.56 
7.55 
2.72 
6.78 
-
-
-
2.72 

32.33 

32.33 + 

75.62 

-0.2700 
-0.0595 
-0.0340 

75.2565 
75.2565 

24.36 

-0.0056 
-0.0056 
-0.0012 

-0.0032 

24.3444 
24.0265 

0.3179 

* measured amount of HF 

** SiC due to cleaning of uranium metal surface 

mass and Impurity correction for UF-14 

(1 - 0.007571) g UF4 - -(907.8 - 32.3) J g"l 

AU°/M(UF, ) - - 882.2 J g-* 
c * 

AU° (UF ) = - 277.0 kJ mol-1 

c "• 

AH0 (UF^) - _ 279.5 kJ mol-1 

and AlOUF^, c, 298.15 K) - - 1917.7 kJ mol"1 
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III.2. THE ENTHALPIES OF FORMATION OF URANIUM TETRAFLUORIDE AND 

URANIUM TRIFLUORIDE a 

II1.2.1. Introduction 

In a previous paper the enthalpies of formation of UF3 and UF^ were 

determined by Cordfunke and Ouweltjes [lj. Based on solution calorl-

metric measurements, they found that both AH (UF,̂ , c, 298.15 K) and 

AH (UF3, c, 298.15 K), were more negative than previous literature 

values [2-4]. Therefore, it was decided to obtain Independent mea

surements of the enthalpies of formation of UF and UF. using fluorine 

bomb calorlmetry. In this chapter, the results of that determination 

are detached. 

III.2.2. Experimental 

III.2.2.1. Principle of the calorlmetric reactions 

The reactions of UF and UF with fluorine according to: 

UF^c) + F2(g) - UF6(c), (3-4) 

and, 

UF3Cc) + 3/2 F2(g) -- UF6(c), (3-5) 

were chosen because these reactions can be forced to go nearly to com

pletion by using an auxiliary combustion aid. 

The auxiliary reaction: 

U(c) + 3 F,(g) ->• UF,(c), (3-6) 

required to derive the enthalpies of formation of UF and UF., was 

previously studied at Argonne National Laboratory [5]. 

III.2.2.2. Calorimetric system 

The calorlmetric system consisted of a nickel combustion bomb similar 

a Work performed under the auspices of the U.S. Department of Energy. 
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to that described previously [6] and a boab caloriaeter, laboratory 

designation ANL-R-2, siailar to that described by Hubbard et al. '7]. 

The calorlaetric teaperatures were aeasured by quartz-crystal thermom

etry [8]. The systea was calibrated by the coabustion in oxygen of 

benzoic acid (National Bureau of Standards saaple 391) whose certified 

energy of coabustion under prescribed conditions is -(26.434 -I- 0.003) 

kJ g-1. A series of calibration experiaents, soae before, soae in 

between and soae following the UF^ and UF, coabustions, were performed-

The energy equivalent of the caloriaetric systea, e(calor) was deter

mined to be (13851.6 + 2.2) J K_1 for the first six UF„ (saaple 14) 

coabustions, and (13844.4 + 4.2) J K"l for the last UFk (saaple 18) and 

UF, coabustions. 

III.2.2.3. Materials 

The preparation aethods of the coapounds UF and UF have been describ

ed in detail previously [l]. 

The uraniua tetrafluorlde saaples were prepared by the reaction of hy

drogen fluoride with UH3 at about 850 K [l]. Two different UF4 saaples 

were used for the caloriaetric aeasureaents. 

Uraniua trifluoride was prepared by the reaction of UF^ at about 1150K 

with a stoichioaetrlc aaount of UH [1]. The coaplete cheaical analyses 

of the caloriaetric saaples are given in tables 3.6., 3.7. and 3.8. 

Uraniua rods froa the saae batch as used by Johnson [5] to deteraine 

the enthalpy of foraation of UF6, were used to prepare the saaples UF -

18 and UF -6. 

Analytical aethods applied were : autoaatic potentloaetric titration, 

ion specific electrode technique, inert gas fusion and atoaic absorp

tion. 

The aaount of U6+ in the UF -14 saaples was det e rained to be less than 

0.05 aass per cent. The UF -6 saaple contained (0.55 + 0.05) aass per 

cent UF as was detected on the X-ray diagraa [l] by comparison with 

reference diagraas having known aaounts of UF,̂ . Tungsten foil (thick

ness 0.025 aa' was purchased froa Schwarzkopf Development Corporation 

for use as an auxiliary coabustion aid. Five coabustion experiaents 

with this foil were perforaed and the standard energy of coabustion in 

fluorine of this saaple was found to be (- 9382.79 ± 1.26)J g"1• 

The standard energy of coabustion of rhoabic sulfur (used tor Ignition) 
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was found to be -37917.08 J g~l [9]. Purified fluorine (99.99 aoles per 

cent) was prepared by distillation of coaaerciai fluorine (99.98 aoles 

per cent) in a low teaperature still [l0]. 

ill.2.2.4. Coabustion technique and procedures 

Preliainary cxperiaents established that the uranium fluoride saaples 

underwent soae surface attack when exposed to high pressure fluorine, 

necessitating tl«t use of a two-chaabered boab. However, the saaples did 

not sustain coabustion. Thus it was necessary to use an auxiliary coa

bustion aid to proaote reaction. It was found that the coabustion of 

several pieces of tungsten foil under the saaples supplied sufficient 

energy to drive the reaction to or nearly to coapletlon. In approxi

mately 1/3 of the experiaents the reaction was coaplete and in the rest 

a saall aaount of partially fluorinated residue, U F 7, reaained. The 

tungsten foils in addition to supplying energy, also tended to prevent 

the saaples froa coalng into contact with the nickel support crucible. 

Such contact would bring about premature cooling of the samples and 

increase the aaount of residue. 

The calorlaetric procedure was as follows. The combustion bomb was 

taken into the glovebox and opened. The nickel support crucible («28 

graas) was weighed and two or three weighed, corrugated tungsten foils 

were placed on the bottoa of the crucible. A saucer-shaped tungsten 

foil was weighed and the uranium fluoride sample plus a small amount of 

sulfur used to Ignite the sample, were accurately weighed into this 

saucer. The saucer was placed on the top of the crucible with the lip 

jf the saucer resting on the top edge of the crucible. The bomb was 

assembled, connected with the fluorine tank, which had been charged to 

1827 kPa with fluorine, and taken out of the glovebox. The bomb and 

connecting tube were evacuated and the system was placed in the calori

meter. After the forerating period, the sample was ignited by opening 

the tank valve. Following the combustion the bomb was removed from the 

calorimeter, dried, evacuated, returned to the gluvebox, and opened. A 

small amount of a black residue, obtained from incomplete fluoridation 

of the UF and UF- was often found in the nickel crucible. The mass of 

this residue was determined by weighing the crucible plus residue, 

carefully removing the residue, and rewelghing the crucible. The resi

due was identified by X-ray analysis as U^F^. 
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The mass of the combustion residue varied between 0 - 9 mg for UF,. and 

0 - I mg for UF,. The crucible itself underwent in most cases a small 

increase in mass which was assumed to be due to the formation of NiF_. 

III.2.3. Results 

The results of six combustions of uranium tetrafluoride (sample 14) in 

fluorine according to reaction (3-4) are presented in table 3.9., and 

the results of the six combustions of uranium tetrafluoride (sample 18) 

are presented in table 3.10. 

The results of five combustions of uranium trifluoride (sample 6) ac

cording to reaction (3-5) are presented in table 3.11. The corrections 

to standard states were applied as described by Hubbard [ll]> 

In the tables, masses are denoted by m; AG is the corrected tempera-
c 

ture increase of the calorimeter; e(calor) is the energy equivalent 
of the calorimetric system; AU(WF ) and AU(SF ) are the corrections for 

6 D 

the combustion of tungsten and sulfur; AU(condense) is the correction 

for the hypothetical condensation of gaseous UF product; AU(blank) is 
6 

the correction for the expansion of fluorine from the tank into the 

empty bomb; AU(Ni) is the correction for the formation of NIF coating 

on the nickel crucible; and $(\J F ) is the correction for the hypo

thetical conversion of U.F,7 to UF,(c). 

For the calculation of AU(contents), the following c values (JK_1g_1) 

were used: UF^, 0.369 [12]; UFj, 0.322 [12,13]; Ni, 0.4439 [14]; W, 

0.1318 [14]; S, 0.7071 [l5] and UF6(c), 0.474 [16]. Similarly, the fol-; 

lowing C values, (JK_lmol"l) were used: F2> 22.97 [17]; WF , 110.7 [l4] 

SF6, 88.89 [15] and UFfi, 121.3 [18]. 

For the calculation of AU(gas), u in the equation of state pV -

nRT(l-up) and (6U/6p)T were estimated by the method of Hirschfelder 

et al. [19] from the intermolecular-force constants for UF [20], 

MF6 [20], SF6 [2l] and F2 [22]. The following values were used foe the 

densities (g era"3) of the different substances in the bomb; UF., 

8.97 [23]; UF^ 6.72 [23]; W, 19.3 [24]; Ni, 8.9 [24]; and crystalline 

UF6, 4.68 [24]. The volume of the empty bomb was 0.3131 dm
3, and the 

volume of the fluorine tank was 0.2361 dm3. In order to calculate 

AU(condense), the energy of sublimation of UF, was taken to be 47.10 kJ 
o 

mol-1 based on AH a 49.58 + 0.42 kJ mol-1 [!*>]• The vapour pressure 
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of UF6(c) at 298.15 K «as taken to be 14.91 kPa [25]. The energy of 

combustion of Ni to form NiF2, £U(Ni) was taken as -11158.3 J g"
1 [26]. 

The energy of combustion of U,F,7 was taken to be -721.5 J g
-1. 

The impurity corrections in tables 3.6., 3.7. and 3.8. are based on the 

following assumptions. There will be a relatively small solid solubil

ity of the elements 0, C, N and H in the calorimetric samples in the 

order of 10 - 35 ppm. No exact data are known, but comparison was made 

with uranium metal. 

The solid solubility of C in a-uranium is less than 20 ppm [30]; of O 

in uranium at the melting point is 34 ppm [31], and of N in uranium at 

the melting point is about 10 ppm [32]. 

The amount of H detected in the samples was the H in solution [33]; the 

amount of HF was determined separately in one of the UF^-samples. The 

remainder of the impurities will be combined as UO,, UN, UC and HF, 

respectively, and during combustion of the calorimetric samples in 

fluorine, 0_(g), N (g), CF (g) and HF(g), respectively, are formed. The 

metal impurities in solution in uranium metal, were assumed to have 

been originally present as fluorides in UF and not to undergo any fur

ther reaction during combustion in fluorine. An exception is silicon 

which was detected in the samples in 30 ppm quantities. This amount is 

more likely due to the cleaning of uranium metal with sandpaper before 

preparation of the calorimetric samples. 

The excess of fluorine in the UF -samples will be present mainly in 

solution and not in the form of higher uranium fluorides, since the 

amount of U 6 + found in the samples was below the detection limit. 

A thermal correction was applied to the UF -6 sample for the presence 

of 0.55 mass per cent UF . The excess of fluorine in an UF -sample 

was calculated in the tables 3.6., 3.7. and 3.8. in mass per cent: 

excess F * (F(analyzed) - F(impurities)} -

U(analyzed) - U(impurities) (3-7) 

' M(U) ' 

Tie uncertainty in the Impurity corrections is large. One reason is 

that oxygen is segregated in the uranium fluoride samples. The uncer

tainties in the amounts of U0?, UC, UN and H(sol) were estimated to be 

40, 40, 50 en 20 per cent, respectively. 
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The derived results for UF and UF are presented in table 3.12. The 

enthalpy of formation of UF,(c), which was needed to derive the 

enthalpies of formation of UF1| and UF3, was taken to be -(2197.2 + 1.8) 

kJ mol~l. This value is 0.5 kJ mol-1 more positive than that reported 

previously [5]. This revision is discussed below. 

The entropies, S° (298.15 K), of U, F , UF and UF,̂  were taken to be 

50.21, 202.67, 123.43 and 151.67 J K"1 mol"1, respectively. The uncer

tainties given in the table are uncertainty intervals as defined by 

Rossini [34], equal to twice the final overall standard deviation. 

The recent redetermination of the enthalpy of formation of UF (c) re-
b 

ported by Johnson [5] included thermal corrections for the energies of 

combustion of the small amounts of UF and UF which is formed along 

with UF during the combustion of uranium in fluorine. The values meas-

ured in this work for the energies of combustion of UF, and UF differ 

by 47.9 and 58.3 J g"1, respectively, from those used by Johnson. When 

these corrections are recalculated, based on the present measurements, 

the enthalpy of formation of UF (c) becomes 0.5 kJ mol-1 more positive, 

i.e., AH° (UF , c, 298.15 K) = -(2197.2 + 1.8) kJ raol-1. Similarily 
f o 

AHj(UF , g, 298.15 K) becomes -(2147.6 + 1.8) kJ mol"
1. 

III.2.4. Discussion 

For comparison, the published values for the enthalpies of formation of 

UF (c) and UF (c) are tabulated in table 3.13. Hayman [2,35] derived 

his values from measurements of the enthalpies of fluorination of 

UF (c) and UF (c) to UF (g) at 315 K by means of fluorine flow calori-
3 *• 6 

metry which were combined with the enthalpy of fluorination of U(c) to 

UF£(g) at 298 K, measured in the same way. However, It turned out that 

the latter value is In error by about 11 kJ mol"1, as has been found in 

a recent redetermination by Johnson [5]. Moreover, Hayman's value for 

the enthalpy of fluorination of UF , -(237.7 + 0.7) kJ mol-1, is too 

negative, because no corrections were made for the metal impurities in 

his sample. When these corrections are applied, Hayman's recalculated 

enthalpy of fluorination of UF becomes -(234.6 + 3.0) kJ mol"1. When 

this value is combined with Johnson's value for the enthalpy of forma

tion of UF,, AH°(g, 298.15 K) - -(2147.6 + 1.8) kJ mol"1, the recalcu-
6 f — 

lated value for the enthalpy of formation of UF4 becomes -(1913.0 + 
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3.5) kJ mol-1, which should be seen as a tentative value, because some 

corrections cannot, be checked properly. 

For instance, there is confusion about the right amount of Si in Hay-

man's UF sample. If 500 ppm Si [2] was detected instead of 50 ppm Si 

[35], the recalculated value cor the enthalpy of formation of UF be

comes -(1921.1 +3.5) kJ mol-1. 

Hayman's value for the enthalpy of fluorination of UF,, -(641.8 + 1.9) 

kJ mol-1 has to be corrected also for impurities in the sample. How

ever, since no metal impurities have been given, such a correction 

cannot be made, and it is evident that the value given will become more 

negative. A combination with Johnson's value for AH. (UF,, g) there-
f o 6 

fore, can only result in a tentative value for UF3, AH, (c, 298.15 K) = 

-(1505.8 + 4.6) kJ mol"1-

We assume here that only Hayman's energy of combustion of uranium to 

UF, is in error, and that his energies of combustion of UF, and UF 

have, apart from impurity corrections, the correct value. 

The combustion of fluorides in fluorine is less complicated than the 

combustion of low-melting metals. This justifies that only the uranium 

combusion might be in error. However, a disadvantage of the use of the 

fluorine calorlmetric method, to determine the enthalpies of formation 

of uranium fluorides, is that all impurities in the samples have to 

be known exactly, as well as the state in which the impurities are 

present (which Is not always possible), in order to apply the proper 

corrections on the heats of combustion of the samples. 

Khanaev, and Khanaev and Kripin [3,4] measured the enthalpies of solu

tion of UF1((c) and UF3(c), respectively, In a [HCl + H BO + 

FeCl-] . . at 323 K from which they derive for the enthalpies of 

formation the values -(1898.4 + 0.9) kJ mol"1 and -(1494 + 5) kJ raol-*. 

A recalculation of their results, using revised values for the auxili

ary data, such as for H20 [36], FeCl , FeCl and HCl [36], yields for 

UF^c) and UF3(c) an average value [obtained from two different cycles] 

of AH° (298.15 K) - -(1897.4 +1.2) kJ mol"1 and -(1482 + 5) kJ mol"1, 

respectively. 

When we compare the data in table 3.13., obtained from different stud

ies, it appears that for UF4 there is an excellent agreement between 

the various results; only Khanaev's values seem to be too positive. It 

is noted that comparison of the published results for AH, (NdF3, c, 
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298.15 K) [28] also shows that Khanaev's results [29] are too posi

tive by about 20 kJ sol'1. 

For UFlt(c) we suggest an average enthalpy of formation of -(1918.2 + 

3.5) kJ aol~*. For UF3(c) the situation is equally good, because we 

know, as stated above, that Hayaan's value is too positive in this 

case. For this reason we take the average of the two independent aeas-

ureaents, described in this paper, and in the previous one in this 

series. The value AH°(UF , c, 298.15 K) * -(1505.5 + 6.0) kJ mol-1 has 

been obtained. 

The authors wish to thank: W. Ouweltjes and F.G.M. Kleverlaan for pre

paring UF, and UF ; F. Bakker, P. van Vlaanderen, K.J. Jensen, R.J. 

Meyer and G. Waterbury (Los Alamos Scientific Laboratory) for analy

tical services; P.A.G. O'Hare and W.N. Hubbard for many helpful discus

sions. 



Table 3.6. Analysis and tmpurlty correct ton8 for UFk-14 

impurities present In UP4-14 
total - - - 

element mass ma as heat of total t o t a l  error in 
percent impurity percent conbu8t ton U as P a8 hart of 

(J 13") UF4 Up, comb. ( J  I'1) 

O( a01 ) 

U02 
C( sol ) 
U C 

N(so1) 
U N 

H(8ol) 
HF 
FeFZ 
NiFZ 
sic 
AlF, 

tnaes and impurity correction for UF4-14 : (1 - 0.006610) I!?, -(907.8 - 27.1) J 

AU:/H(UP,,) -(816.6 + - 10.4)  J 
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Table 3.8. Analysis and Impurity corrections for UF,-6 

element 

U 
F 
0 

C 

N 

H 

Fe 
Al 
Ca 
Si 

total 
mass 
per cent 

80.54 
19.33 
0.0743 

0.0041 

0.0013 

0.0033 

0.0012 
0.0009 
0.0005 
0.0030 

99.9583 
(+ 0.04) 

impurity 

0(sol) 

uo2 
C(sol) 
UC 
N(sol) 
UN 
H(sol) 
HF 
FeF, 
A1F3 
CaF, 
SiC 
UF, 

impurities present 

mass 
percent 

0.0035 
0.5975 
0.0015 
0.0271 
0.0010 
0.0054 
0.0030 
0.0060 
0.0020 
0.0028 
0.0010 
0.0043 
0.5500 

1.2051 

heat of 
combustion 
(J g"1) 

-
24.50 
1.16 
3.28 
-
0.41 
8.13 
-
-
-
-
2.72 
4.91 

45.11 

in UF3-6 

total 
U as 
UF3 

80.54 

-0.5267 

-0.0258 

-0.0051 

-0.4169 

79.5655 
79.5655 

total 
F as 
UF3 

19.33 

-0.0057 
-0.0008 
-0.0019 
-0.0005 

-0.1331 
• — " • M 1 T 

19.1880 
19.0517 (UF3) 

error in 
heat ot 

comb. J g_1 

+ 9.8 

+ 1.3 

+ 0.7 
+ 1.6 

+ 0.3 
+ 0.5 

excess F 0.1363 0.1363 

total 1.3414 45.11 

i 

mass and impurity correction for UF3-6 : (1 - 0.013414) g UF3 = -(2356.2 - 45.1) J g 

AU°/M(UF1|) = -(2342.5 + 20.6) J g
_1 

-1 



Table 3.9. Results of uranium tetrafluorlde (UFĵ -14) combustion experiments at 298.15 K 

Experiment No. 

"»(UF(4)/g 

m(W)/g 

m(S)/g 

>"(U4F17)/g 

AG /K 
c 

E(calor)(-A0c)/J 

AU(contents)/J 

AU(gas)/J 

AU(WF6)/J 

AU(SF6)/J 

AU(blank)/J 

AU(condense)/J 

AU(N1)/J 

AU(UUF1?)/J 

{AU°/M(sample)}/J g-1 

mass and Impurity correction 

1 

2.56354 

1.54147 

0.00364 

0.00627 

1.21298 

-16801.7 

-23.5 

1.0 

14462.5 

138.0 

-2.0 

-87.6 

3.3 

-4.5 

-902.9 

{AU°/M(samp 

2 

2.56684 

1.54539 

0.01670 

0.00000 

1.25339 

-17361.5 

-24.3 

1.0 

14499.3 

633.2 

-2.0 

-87.6 

3.3 

0.0 

-911.1 

ile)} = -(907. 

: (1 - 0.006610) g UF^ - -

AU°/M(UF4) 

3 

2.56017 

1.51645 

0.00967 

0.00108 

1.21411 

-16817.4 

-23.5 

1.0 

14227.8 

366.7 

-2.0 

-87.6 

2.1 

-0.8 

-911.5 

8 + 1.4) J g"1 

•(907.8 - 27.1) 

- -(886.6 + 10.4) J g"1 b 

4 

2.58929 

1.57883 

0.01510 

0.00000 

1.27271 

-17629.1 

-24.7 

1.0 

14813.0 

572.5 

-2.0 

-87.6 

3.3 

0.0 

-909.0 

a 

J g-1 c 

5 

2.56827 

1.62110 

0.01813 

0.00000 

1.30768 

-18113.5 

-25.4 

1.0 

15209.6 

687.4 

-2.0 

-87.6 

5.5 

0.0 

-905.3 

6 

1.54231 

1.54671 

0.01327 

0.00039 

1.17732 

-16307.8 

-22.4 

1.4 

14511.7 

503.2 

-2.0 

-87.7 

5.2 

-0.3 

-906.9 

i 

1 

+ the standard deviation of the mean ; D + uncertainty Interval ; see table 3.6. 



Table 3.10. Results of uranium tetrafluorlde (UF.-18) combustion experiments at 298.15 K 

Experiment No. 

o(UFk)/g 

m(W)/g 

m(S)/g 

•(U„F17)/g 

A0 /K c 
e(calor)(-A0c)/J 

AU(contents)/J 

AU(gas)/J 

AU(WF6)/J 

AU(SF6)/J 

AU(blank)/J 

AU(condense)/J 

AU(N1)/J 

AU(UUF17)/J 

{AU°/M(sample)}/J g_1 

1.80759 

1.67079 

0.02019 

0.00913 

1.29655 

17950.0 

-24.8 

1.4 

15675.8 

765.5 

-6.9 

-87.6 

6.4 

-6.6 

-900.0 

1.82607 

1.69914 

0.02761 

0.00022 

1.33812 

-18525.5 

-25.6 

1.4 

15941.8 

1046.9 

-6.9 

-87.6 

0.0 

-0.2 

-906.7 

1.83507 

1.70630 

0.02592 

0.00049 

1.33794 

-18523.0 

-25.6 

1.4 

16009.0 

982.8 

-6.9 

-87.6 

2.1 

-0.4 

-898.2 

1.81313 

1.68972 

0.02938 

0.00000 

1.33546 

-18488.6 

-25.5 

1.4 

15853.4 

1114.0 

-6.9 

. -87.6 

2.4 

0.0 

-903.1 

1.84265 

1.70164 

0.02018 

0.00026 

1.32065 

-18283.6 

-25.3 

1.4 

15965.3 

765.2 

-6.9 

-87.6 

0.0 

-0.2 

-907.2 

1.82192 

1.65297 

0.01733 

0.00000 

1.27774 

-17689.5 

-24.4 

1.4 

15508.6 

657.1 

-6.9 

-87.6 

2.9 

0.0 

-899.3 

mass and Impurity correction 

{AU°/M(sample)} - -(902.4 + 1.6) J g_1 a 

: (1 - 0.003771) g UF1< - -(902.4 - 18.7) J g"
1 

AU°/M(UF4) - -(887.0 + 6.1) J g
_1 b 

+ the standard deviation of the mean ; ° + uncertainty Interval ; c see table 3.7. 



Table 3.11. Results of uranium trlfluorlde combustion experiments at 298.15 K 

Experiment No. 

m(UF3)/g 

m(W)/g 

m(S)/g 

<nCV17)/g 
A0 /K c 
e ( c a l o r ) ( - A 0 c ) / J 

AU(contents)/J 

AU(gas)/J 

AU(WF6)/J 

AU(SF6)/J 

AU(blank)/J 

AU(condense)/J 

AU(Ni)/J 

AÜ(U„F17)/J 

{AU°/M(sample)}/J g_1 

mass and impurity correction 

1.00178 

2.18080 

0.01250 

0.00032 

1.67472 

23185.5 

-31.6 

1.9 

20460.9 

474.0 

-5.7 

-87.7 

5.5 

-0.2 

-2364.2 

1.00569 

2.22054 

0.02180 

0.00037 

1.72756 

-23917.0 

-32.6 

1.9 

20833.8 

826.6 

-5.7 

-87.7 

13.4 

-0.3 

-2J54.2 

1.00199 

2.19529 

0.02109 

0.00029 

1.70745 

-23638.6 

-32.2 

1.9 

20596.8 

799.7 

-5.7 

-87.7 

10.2 

-0.2 

-2351.1 

1.00128 

2.20141 

0.02020 

0.00051 

1.70887 

-23658.3 

-32.2 

1.9 

20654.3 

765.0 

-5.7 

-87.7 

3.6 

-0.4 

-2355.6 

1.00242 

2.13686 

0.01674 

0.00107 

1.65625 

-22929.8 

-31.2 

1.8 

20048.6 

634.7 

-5.7 

-87.7 

8.3 

-0.8 

-2356.1 

{AU°/M(sample)} - -(2356.2 + 2.1) J g_1 

(1 - 0.013414) g UF3 = -(2356.2 - 45.1)" 

AU°/M(UF3) = -(2342.5 + 20.6) J g
_1 b 

J g -1 

i 

a + the standard deviation of the mean ; " +̂  uncertainty interval ; c see table 3.8. 
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Table 3.12. Derived results for l 

UF -14 a 

{AU /M}/J g"1 - 886.6 + 10.4 

AU°/kJ mol"1 - 278.4 + 3.3 
c — 

AH°/kJ mol"1 - 280.9 + 3.3 
c — 

AHf/kJ mol"1 -1916.3 + 3.8 

a The molar mass of UF. was taken 

The molar mas3 of UF, was taken 

F^ and UF3 at 298.15 K 

UF -18 a UF,-6 b 

't 3 

-887.0+6.1 -?342.5 + 20.6 

- 278.5 +1.9 - 691.1 + 6.1 

- 281.0 +1.9 - 694.8 + 6.1 

-1916.2 + 2.6 -1502.4 + 6.4 

to be 314.023 g mol-1 

to be 295.024 g mol"1 



Table 3.13. Published values of the enthalpies of formation of UF3(c) and UFH(c) at 298.15 K 

AHj(UF3)/kJ mol
-1 AH^UF^/kJ mol"1 

Investigator and method original corrected original corrected 

Hayman (1967)[2,35] Fluorine flow - (1494.1 + 3.3) - (1505.8 + 4.6) - (1898.3 + 2.9) - (1913.0 • 3.5) 

calorlmetry 

Khanaev (1968)[3] Solution - (1898.4 +0.9) - (1897.4 + 1.2) 

calorlmetry 

Khanaev and Krtpln Solution - (1494.5 + 5 ) - (1482 + 5) 

(1970)[4] calorlmetry 

Cordfunke and Solution - (1508.5 + 5.5) - (1920.0 + 3.7) 

OuweltJes[l] cilorlmetry 

This work Fluorine bomb - (1502.4 + 6.4) - (1916.3 + 3.2) 

calorlmetry 
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III.3. THE ENTHALPY OF FORMATION OF PALLADIUM (II) HEXAFLUOROPALLADATE 
a b 

(IV), Pd(PdF6), BY PF3 REDUCTION CALORIMETRY ' 

111.3.1. Introduction 

There has been interest in the binary fluorides of the platinum metals 

for many years. In spite of numerous experimental and theoretical stud

ies on the subject [l], almost no reliable thermochemical data, such as 

enthalpies of formation, are available for these fluorides. The enthal

py of formation of RuF has been measured previously [2]. 

Three binary fluorides of palladium have been identified by X-ray dif

fraction analysis: PdF_ [3-5], which Is the only established difluoride 

of the platinum metals; PdF [6]> and "PdF " [7] which has been shown 

to be the mixed-valence compound Pd(II){Pd(IV)F6} [8,9]. Predicted 

values for the enthalpy of formation of PdF_ and PdF,, -469 and -510 kJ 

mol-1, respectively, were published by Brewer et al. [l0]. This paper 

describes a determination of the enthalpy of formation of Pd(PdF,) 
o 

using a bomb-calorimetric method. 

111.3.2. Experimental 

III.3.2.1. Principle of the calorimetric reactions 

The reaction of Pd(PdF£) with gaseous PF , according to 

Pd(PdF6)(c) + 3PF3(g) = 3PF5(g) + 2Pd(c), (3-8) 

was chosen because it takes place spontaneously. The enthalpy of the 

reaction required to derive the standard enthalpy of formation of 

Pd(PdF,): 

PF3(g) + F2(g) = PF5(g), (3-9) 

has been previously reported [11,12]. 

a Work performed under the auspices of the U.S. Department of Energy, 
b This chapter has been published as an article with the same title 

In The Journal of Chemical Thermodynamics, H (1981) 471, by 
G. Wijbenga and G.K. Johnson. 
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111.3.2.2. Calorlmetric system 

The bomb calorimeter employed in this study (Laboratory designation 

ANL-R-2) was similar to that described previously [13]. A two-

compartment nickel bomb (Laboratory designation Ni-3) similar to that 

described previously [14] was used for the experiments. The calorimet-

ric temperatures were measured by means of a quartz-crystal thermomet

er [15]. The system was calibrated by the combustion in oxygen of ben

zoic acid (National Bureau of Standards sample 39i), whose certified 

specific energy of combustion under prescribed conditions is -(26.434 + 

0.003) kJ g-1. A series of calibration experiments was performed fol

lowing the Pd(PdF ) reductions. The average value and standard devia-

tion of the mean for e(calor), the energy equivalent of the calorimet-

ric system, was determined to be (13844.4 + 2.1) J K-1. 

111.3.2.3. Materials 

A Pd(PdF ) sample was generously provided by Dr. Alain Tressaud (Uni-

versité de Bordeaux I, France). It was prepared by passing high purity 

fluorine over palladium sponge, 99.99 mass per cent pure (supplied by 

Comptoir-Lyon-Alemand Louyot). The fluoride product was treated four 

times for eight hours each at 823 K with flowing purified fluorine to 

minimize PdF contamination. Each fluorination was followed by grinding 

the product in a dry box, then checking it by X-ray diffraction analy

sis [8,16]. In the pure form, Pd(PdF ) is a black solid at room temper

ature. The compound reacts immediately with moisture to form HF, palla

dium, palladium oxides, and palladium hydroxides. The sample was exam

ined by X-ray diffraction and lines due only to PdF. and Pd(PdF,) were 

found. The mass percentage of PdF, present in the sample, (2.5 + 0.5), 

was determined by comparing the intensities of the PdF lines with 

chose of standard samples containing known mass percentages of PdF-» 

The sample was shipped under helium to Argonne National Laboratory 

where it was stored in a helium-atmosphere glovebox. 

Phosphorous trifluoride was obtained from Ozark Mahoning Co. As receiv

ed, the gas contained about 0.2 volume percent of 02, about 6 volume 

percent of N2, and traces of PF, and POF.. The oxygen and nitrogen were 

removed by condensing the PF3 in a steel trap with liquid nitrogen and 

pumping on the solid. This procedure was repeated several times. Gas-

chromatographic analysis of the resultant PF3 showed oxygen and 
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nitrogen levels of mass fraction 5 x 10 6 and 10 x 10~6, respectively. 

III.3.2.4. Procedures 

Preliminary experiments showed that the palladium fluoride when exposed 

to PF, reacted spontaneously to give Pd. A two-chambered combustion 

bomb was thus required. The calorimetric procedure was as follows. The 

combustion bomb was taken into the glovebox and opened. The Pd(PdF ) 
6 

sample was accurately weighed into a pre-weighed 4 g nickel support 

crucible, which was then placed on the bomb head. The bomb was assembl

ed, connected with the tank which had been charged to 1830 kPa with 

PF , and taken out of the glovebox. The bomb and connecting tube were 

evacuated, and the system was placed in the calorimeter. 

After the forerating period, the reduction of Pd(PdF } was started by 

opening the tank valve, as described elsewhere [17]. After the reduc

tion, the bomb was removed from the calorimeter, dried, evacuated, 

returned to the glovebox, and opened. 

The solid reaction product was identified by X-ray analysis to be pure 

palladium metal. The mass of the residue was determined by weighing the 

nickel crucible plus residue, removing the residue, and reweighing the 

crucible. In all the experiments the mass of the residue was about 10 

mg less than the previously calculated mass of palladium in the 

Pd(PdF ). This mass loss may be due to the formation of a gaseous com-

plex of PF, with palladium metal [18] or entrainment of the fine powder 

in the swirling gases in the bomb. The presence of small amounts of 
unreacted Pd(PdF ) in the residue was also possible. To determine the 

6 

amount of unreacted Pd(PdF,), the residue was washed with 0.6 mol kg-1 

HC1 for 30 minutes at room temperature; the solution was then filtered 

to remove palladium and analyzed for fluorine by use of an ion-specific 

electrode. 

The nickel support crucible did not change in mass during the experi

ments. 

III.3.3. Results 

The results of four reductions of palladium(II) hexafluoropalladate(IV) 

with PF3 according to reaction (3-8) are presented in table 3.14. The 

corrections to standard states were applied as described by Hubbard 

[l9]. The correction for the expansion of PF, from the tank into the 
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Table 3.14. Results of Pd(PdFg) reduction experlaents at 298.15 K 

Experiment No. 

m {Pd(PdF6)}/g 

mf{Pd(PdF6)}/g 

m{Pd(PdF6),reacted}/g 

A9C/K 

e(calor)(-A0c)/J 

AU(contents)/J 

AU(gas)/J 

AU(blank)/J 

(AU°/M(sample)}/J g"l 

0.74185 

0.00266 

0.73919 

0.14570 

-2017.1 

-6.5 

0.2 

-72.6 

-2835.5 

0-64942 

0.00309 

0.64633 

0.12719 

-1760.9 

-5.5 

0.2 

-72.6 

-2845.0 

0.63698 

0.00244 

0.63454 

0.12369 

-1712.4 

-5.8 

0.2 

-72.6 

-2821.9 

0.53393 

0.00244 

0.53169 

0.10334 

-1430.7 

-4.5 

0.1 

-72.6 

-2835.7 

(AU /M(sample)} 

Impurity correction 

AU°/M(Pd(PdF )} 

AU' 
c 

° - AH0 
c c 
iO| AH°fPd(PdF6)} 

= -(2834.5 + 4.8) J g-1 ' 

=» -( 43.0 + 5.6) J g_1 a 

- -(2877.5 + 22.1) J g_i b 

= -( 940.3 + 7.2) kJ mol-1 b , c 

= -( 967.4 + 7.3) kJ mol-1 b'c 

Standard deviation of the mean. 

+, Uncertainty interval equal to twice the final overall standard 

deviation [23]. 

The molar mass of Pd(PdF6) was taken to be 326.79 g mol'
1. 
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empty bomb, which is designated by ^U(blank), was obtained by 

interspersing four blank experiments among Che Pd(PdF ) reductions. 

These experiments gave an average value and standard deviation of the 

mean of -(72.6 + 5.1)J for this correction. The other entries ii the 

table have the usual significance. 

For the calculation of &U(contents), the following values of 

c /J K_1g-1 were used: Pd, 0.243 f201 and Si, 0.4439 20:. The f>Iiow-p - -

ing values of Cy/J K
_lmol-1 were used: PF3(g), 50.38 [21

T and PF5(e), 

74.85 [2l]. The following values for tht densities, p/g cm-3, of the 

different substances in the boab were used: Pd, .1.4; Si, 8.9; and 

PdF , 5.06. For the calculation of &U(gas), u. in the equation of state 

pV « nRT(l-up), and (6U/6p>T w c r c estimated by the method of 

Hirschfelder et al. [22] from the estimated interaolecular-force 

constants for PF, and PF,. Typical values of u and (VJ/*p)_ for he 

gaseous mixture in the bomb following combustion were 5.9 x 10~^ 

kPa-1 and 0.294 Jrnol*1 kPa-1, respectively. The volume of the empty 

bomb was 0.3131 dm3, and the volume of the tank was 0.2361 da3. 

The impurity correction in table 3.14. is for the (2.5 + 0.5) mass per 
o 

cent PdF- in the sample. The value for £Hf(PdF,, c, 298.15 K) was taken 

to be -(469 + 42) kJ mol'1 [l0]> a(Ml l t $ enthalpy of reactior. with 

PF was derived to be -(167 + 42) kj mol - 1. The large uncertainty at

tached to the Impurity correction reflects the uncertainty in the es

timated value for AH°(PdF_, c, 298.15 K) and the uncertainty in the 

amount of PdF. in the sample. No correction was made for any inter

action between Pd and PF . 

The standard enthalpy of formation of Pd(PdF6), AHf
>(Pd(PdF6), c, 298.15 K'-. 

of -(967.4 + 7.3) kJ mol-1 «as derived by subtracting the measured 

enthalpy of reaction from three times the enthalpy of reaction (2): 

-(635.9 + 0.3) kJ mol"1 [12]. The only previous value for the enthalpy 

of formation of Pd(PdF,) is an estimate of -(1020 + 170) kJ mol-1 10U 

The authors wish to thank A. Tressaud for preparing the Pd(PdF ) sam-
ft 

pie; C.Chow, K.J. Jensen and B.S. Tani for analytical services; E.H.P. 

Cordfunke, W.N. Hubbard and P.A.C. 0'Hare for «any helpf«l discussions. 
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III.4. THE ENTHALPY OF FORMATION OF UPdj, BY FLUORINE BOMB 

CALORIMETRY a,b 

111.4.1. Introduction 

The intermetallic compound UPd, is of immediate interest because of its 

formation during fission of nuclear fuel in a reactor. The (U,Pu)Me,-

phases, in which Me = Ru, Rh and Pd, were detected in carbide and even 

in oxide fuel [lj. In order to understand the formation of (U,Pu)Pd. 

phases in irradiated nuclear fuel, thermodynamic data of the binary 

UMe., compounds are very useful. 

Very little is known about the thenuochemical properties of UPd . Only 

one thermodynamic value has been reported, the standard Gibbs energy of 

formation AG°(UPd3> c, 1673K) = -259 kJ mol
-1, which was obtained by 

mass spectrometric measurements [3]. In this paper the determination 

of the enthalpy of formation of UPd,, using the fluorine bomb calori-

metric method, will be described. 

111.4.2. Experimental 

III.4.2.1. Principle of the calorimetric reactions 

The reaction of UPd, with fluorine according to: 

2UPd3 + (15-3x)F2(g) * 2UF6(g) + (3-x)[pd(PdF6)(c)] + 2x Pd(c) (3-10) 

in which x is the mol fraction of Vd metal (= 0.5 ± 0.2), was chosen 

because almost the entire 'JPd -sample reacts with fluorine to form UF 
J 6 

and a mixture of Pd(PdF,) and palladium. 
o 

Since there are two unknowns in reaction (3-10), AHf(UPd3, c, 298.15K) 

and x, it is necessary to find a proper "analytical" method to accur

ately determine x in reaction (3-10). A second reaction: 

(3-x)[Pd(PdF )(c)]+(9-3x)PF,(g) -r (9-3x)PF«.(g)+(6-2x)Pd(c) (3-11) 

1 Work performed under the auspices of the U.S. Department of Energy. 
*> This chapter has been submitted for publication as an article with 

the same title in The Journal of Chemical Thermodynamics, by 
G. Wijbenga. 
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was chosen because phosphorous trifluoride gas reduces the Pd(PdF ) in 

the Pd(PdF6)-palladium mixture, left over after the first reaction, 

spontaneously. AH£(Pd(PdF6), c, 298.15K} and AH°(298.15K) for the 

reaction PF, + F? +
 pF » a r e known and the energy released in reac

tion (3-11) can be measured, thus x can be calculated from reaction 

(3-11). By using this result for x in reaction (3-10), the enthalpy of 

formation of UPd can be derived. The auxiliary data are given in table 

3.16. 

111.4.2.2. Calorimetric system 

The calorimetric system consisted of a nickel combustion bomb similar 

to that described previously [7] and a bomb calorimeter, laboratory 

designation ANL - R-2, similar to that described by Hubbard et al. [8] 

The calorimetric temperatures were measured by quartz-crystal thermom

etry [9]. The system was calibrated by the combustion In oxygen of 

National Bureau of Standards benzoic acid (sample 391), which has a 

certified energy of combustion under prescribed conditions of -(26.434 

* 0.003)kJ g_1. A series of calibration experiments, some before, some 

in between and some following the UPd combustions, were performed. The 

energy equivalent of the calorlmetric system, e(calor), was determined 

to be (13853.4 £ 2.2)J K"l for the first four UPd combustions, ana 

(13844.4 ± 4.2)J K-i for the last two UPd3 combustions. 

111.4.2.3. Materials 

The starting materials for the preparation of UPd were palladium 

sponge of high purity (99.99%, Johnson & Matthey Chemicals Limited), 

and uranium nitride (UN). UN was prepared by the reaction of finely di

vided uranium powder with nitrogen. At 700 °C, uranium sesqulnitride 

(U?N«^ ) is formed; it is decomposed in vacuum or inert atmosphere 

to UN at 1400 °C 

Before use, the palladium sponge was dried in vacuum at 500 °C to re

move any adsorbed moisture. UPd, was prepared by heating mixtures of UN 

with palladium in the stoichiometric composition at 1080 °C. A high-

frequency induction furnace was used to heat the samples [2]. 

Tantalum carbide was used as the container material. The reaction pro

ducts were ground in a dry box and reheated; this was done until the 

reaction was complete as Indicated by X-ray diffraction analysis. 
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UPd3 is a grey solid; it reacts with moisture when exposed to air, as 

can be concluded from a change ia the lattice parameters. 

The X-ray diffraction results of the UPd3-sample, used for the combus

tion experiments, showed the presence of only hexagonal UPd3 with a » 

5.773 ± 0.001 A and c • 9.627 ± 0.002 A. This result is in good agree

ment with the X-ray diffraction results found in the literature [10]. A 

small amount of U0- was visible in the X-ray diffraction results of the 

UPd,-sample. Chemical analyses of UPd3 are given in table 3.15. 

Graphite felt (sheets of thickness 5.?"i ma, National Grade WDF) used 

as a combustion aid for the UPd sample, was purchased from Union Car

bide Corporation. 

A series of combustion experiments with this graphite felt in fluorine 

was performed previously [ll]> and a value and standard deviation of 

the mean of -(77769.3 ± 18.4)J g~l was obtained for the standard energy 

of combustion of the graphite sample, AU M(sample). Hexagonal black 
c 

selenium shot was taken from the same batch that was used for the 

determination of AH°(SeF6, g) [12]. Purified fluorine (99.99 moles per 

cent) was prepared by distillation of commercial fluorine in a low-

temperature still [13]. The phosphorus trifluoride gas, used in the 

reduction experiments, was obtained from Ozark Mahoning Co. Removal of 

the small amounts of oxygen and nitrogen in the PF, gas was done by 

condensing the PF in a steel trap with liquid nitrogen and pumping off 
the solid, as described previously [6]. 

III.4.2.4. Preliminary experiments 

In order to establish the conditions under which UPd could be com

pletely fluorinated or oxidized, several preliminary combustion experi

ments were done. Combustion experiments with UPd in oxygen showed 

incomplete combustion of UPd3; under calorimetric conditions only about 

15 per cent of the UPd3 had reacted. It was found by X-ray analyses 

that Pd and U3O- were formed on the outside of a moltan residue. The 

heat released in the reaction: 

3 UPd3 + 4 0 2 • U 30 g + 9 Pd, 

had evidently melted the palladium which in turn covered the UPd,. The 

use of auxiliary combustion aids, such as graphite cloth on which 
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UPd3-powder was spread, and magne' powder, nixed with UPdj, did not 

improve the results of the combustions. 

It was therefore decided to continue coabustion experiments of UPd in 

fluorine. If no auxiliary was used, combustion of UPd3 in fluorine was 

incomplete, presumably because the palladium fluoride reaction product 

(PdF2, "PdF3" and Pd) melted and covered unreacted UPd3, thereby 

quenching the reaction. Both thin and massive nickel containers were 

attacked by the reaction mixture, however, the latter much less. Thus 

contact between UPd, and the nickel container material had to be avoid

ed. Different auxiliary combustion aids were tested, including tungsten 

foil, AlF.-powder, graphite cloth and graphite felt. Graphite felt was 

selected because its high energy of combustion caused UPd, to burn 

nearly completely to UF, and a mixture of palladium metal, Pd(PdF£), 

and a small amount of PdF.. Complete fluorination of UPd, could only be 

obtained by carefully spreading powdered UPd on graphite felt, which 

provided about 85 per cent of the total energy evolved. 

The felt could easily be cut into thin layers and weighed. To prevent 

spattering of the UPd, onto the bomb surfaces, the graphite felt was 

arranged so as to completely cover the UPd . This was done by carefully 

spreading the UPd, in between three graphite felt disks. Selenium shot 

was put on the top disk as an ignitor. 

High fluorine pressures up to 2375 kPa were used. Under these condi

tions more than 60 mass per cent of the palladium fluoride reaction 

product which was found by X-ray diffraction to be pure Pd(PdF,), sub-

limed. 

On the bottom of the nickel container several small metal drops were 

found, X-ray diffraction results showed the metal to be pure palladium 

(about 15 mass per cent of the total palladium involved in the experi

ments). The palladium fluoride reaction product in the nickel container 

was mainly Pd(PdF,); however, a small amount of PdF- vas found, estim

ated between 2 and 8 mass per cent of the total Pd(PdF,). The best way 

to "analyse" the amount of palladium fluoride (Pd(PdF.)) In the expert-

ments was to reduce the Pd(PdFg), left over after the fluorination of 

UPd3, with PF3(g) and to measure the heat of reduction. From this re

sult the ataount of fluorinated palladium can be calculated. 
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III.4.2.5. Procedures 

A preliminary coahustion of a piece of carbon in fluorine served to 

pre-fluorinate the combustion bomb, as well as the cylindrical thick-

bottoaed nickel container. During the calorimetric experiments, the 

bomb was opened only in a helium-atmosphere glove box, in order to 

minimize adsorption of moisture on the bomb walls and consequent reac

tion with fluorine. The calorimetric procedure was as follows. 

Fig. 3.5. Combustion technique of UPd in fluorine, 

a selenium c graphite dinks 

b UPd d nickel container 

The bomb was ta'.cen into the glove box and dismantled. The nickel sup

port container (about 40 grams), four pieces of graphic felt,, and the 

UPd3 and seler.ium were accurately weighed (fig. 3.5.)- The boct.om piece 

of carbon was cut cross shaped, in order to avoid the roiiuation of 

unreacted UF^ on the bottom of the nickel container. The UPd was care

fully spread *n between the remaining three cylindrical disks of graph

ite. A little selenium was put on the top piece. The nickel container 

with contends /as placed on the bomo head, the bomb was assembled, 

connected with the tank, which had been charged to 2375 kPa with fluo

rine, ar.d taken <>uc of the glovebox. The bomb and connecting tube were 

evacuated, and the system was placed in the calorimeter. 

Aft er the forerating period, the combustion of the sample was started 

by opening tht r nk valve. After the combustion, the bomb was removed 

from the calorimeter, dried and the bomb gases were condensed into a 

'iquid nitrogen-cooled trap and fluorine was pumped off the condensate. 
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Analyses of the residual gas for C.F^ and C3Fg by gas chromatography 

showed that the ^vount of C-F, was less than 0.02 mole per cent of the 

CF^, and the amount of C,Fg was less than 0.005 mole per cent of the 

tota.1 "F^. 

The evacuated bomb was returned to the glove box; the tank was discon

nected, charged with PF up to 1830 kPa, and again connected with the 

bomb. During this procedure the bomb was not dismantled. The system was 

taken out of the glovebox, evacuated ano placed in the calorimeter. The 

heat of reduction of the unknown amount of Pd(PdF,), left in the bomb 

after the fluoridation of UPd , WJ»S measured, ^fter the reduction, the 

bomb gases were condense*, into a liquid nitrogen-cooled trap. Analyses 

of the gas, a PF./PF, mixture, v mass spectrometrical method showed 

yields of PF ranged betw**- * t.86 vol. percent of the PF , 

depending on the amount Pax involved in the experiments. The 

post reduction residue was identified by X-ray analysis as palladium 

metal. This residue was washed in 0.6 mol dm~" HC1 for about 30 minutes 

at room temperature, the solution was then filtered to remove palla

dium, and analysed for uranium and fluorine. Total uranium (ascribed to 

UF ) was found to be 0.26 mg or less, and total fluorine (ascribed to 

UF4 and Pd(PdF6)) 0.61 mg or less. 

The palladium residue was then dissolved in a mixture of concentrated 

H2S04 and concentrated HN03. In order to dissolve all the palladium, 

the mixture was heated and some water was added. This solution was 

analysed for uranium. Total uranium (ascribed to unreacted UPd ) was 

found to be 0.38 mg or less. 

No black graphite fibers were found in the residues. 

III.4. suits 

The results of six combustions of UPd in fluorine according to reac

tion (3-10), immediately followed by the reduction the Pd(PdF.)(c) 
6 

with PF^ according to reaction (3-11) are presented in tables 3.17, and 

3.18. 

Since an amount of PdF was found by X-iay analysis in some interrupted 

experiments (after the fluorination step), the estimate has been made 

that the Pd(PdF.)-phase in the bomb contains (5 ± 3) mass per cent 

PdF2. From the r• ' energy (&U(total)) involved in the reduction 
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experiments the amounts of palladiua fluorides, m(Pd(PdF,)total} and 

•(PdF.), can be calculated according to: 

4U(total)*(0.05x)(&U°/M(PdF2}+ 

[0.9Sx - •Ipd(PdF5)unreactedi]AU°/M{Pd(PdFs)} (3-12) 

where x is total «ass of PdF, and Pd(PdF^). The itea 

miFd'PdF,%tunreac ed\ represents a saall amount of unreduced Pd(PdF,) as 

«.-•* fnun-J by chtaical analysis (table 3.18.). By coabining che heats of 

reduction of the palladiua fluorides, AU°/M(PdF )« -1156.5 Jg_1 and 
. c 

Al£/M{PdlPdF6)f* -2877.5 Jg
_i, respectively (see table 3.1ft.), with 

&U(total), a(PdF ) and a{Pd(PdF )} have been calculated (table 3.18.). 

The corrections to standard states were applied in the usual aanner 

[14]. The auxiliary data used in the calculations are all given in 

table 3.16. 

An additional explanation of soae entries in tables (3.17.) and (3.18.) 

is as follows: For the calculations of AU(gas), u, in the equation of 

state pV =* n RT(l - up) and (aU/dP)T were estiaated by the aethod of 

Kfrschf-'der et al [24], froa the interaolecular force constants for 

PF3 and PF5, and for UFft [25], CF^ [24], SeF6 [26], and F [27]. The 

volume of the eapty boab was 0.3131 da3, and the volume of the tank was 

0.2361 da3. 

AU(PF ,blank) Is the correction for the expansion of PF froa the tank 

into the eapty boab. An average value and standard deviation of 

&U(PF3,blank) =•= -(72.6 ± 5.1)J was obtained. The tera AU(F , blank) Is 

a coabined correction for the endothernic expansion of F. into the 

combustion boab and the exothermic reaction cf F? with surfaces in the 

boab. An average value and standard deviation of AU(F.,blank) » -(15.8 

± 2.7)J was obtained. The expansion experiments were Interspersed with 

the fluorlnatlon/red-jctlon experiments of tables (3.17.) and (3.18.)-

AU(C) and AU(Se) are the corrections for the combustion in fluorine of 

graphite and selenium, respectively. 

The correction AU(C,F, + C,F ) accounts for the formation of variable, 

small amounts of C2Ffi and CjF8, which are Itemized as n(C2Fg formed) 

and n(C F formed); AÜ(C_f, + C F ) represents the additional energy 
3 8 2 c 3 8 

that would have been evolved had C7F6 and C3F8 been completely 
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fluorinated to CF,,. The calculated energy of the reactions is based on 

auxiliary values of AH° for CF,,, CjF^ and CjFg. AU(UF^) accounts for 

the formation of a very small amount »»f UF. ; its e»ieT-?y of fl-mrioa-

tion is based on the auxiliary vatie of AUC/M. 

AU{Pd(?dFfi)} and AU(PdF2> are the corrections for the combustion ia 

fluorine of Pd(PdF6) and W F 2 , based on the auxiliary values or AU^-M 

in table (3.16.). The masses of Pd(PdF6) and PJF2 are calculated in 

table (3.18.). The chemical analyses of the calorimetric UPd,-sample 

are given in table (3.15.). The impurity corrections in UPd3 art based 

on the assumption that the solid solubility of the elements 0, C, N, Si 

and Ta will be very small; less than 20 pom. These elements will be 

present mainly as: U02 , UC, UN, tlSi and TaPd3, respectively. The im

purity correction applied in table (3.17.) was calculated from the 

total amount of impurities (1.2817 mass per cent} with its total heat 

of combustion (97.6 J g _ 1 ) . The large uncertainty attached to the im

purity correction reflects mainl> the uncertainty in the estimated 

amount of PdF2 in the experiments. 

The excess Pd in the sample will be present in solution and has been 

calculated from the total uranium and palladium present as UPd.. 

f 

The unreacted UPd3 , m (UPd3), found in the postreduction palladium res

idues, was substracted from the original UPdj weighings, m (UPd,), and 

itemized as m(Ui>d1 reacted). 

The average heat of combustion of UPd3 0 9 9 in table 3.17., 

AU°/M(UPd3 Q 9 9 ) - -(2828.5 ± 54)Jg"!, has been determined for the re

action: 

UPd3 09,(c) + 3 F2(g) - UF6(g) + 3.099 Pd(c) (3-13) 

From the average heat of combustion of UPd, noot t n e enthalpy of com

bustion (table 3.17.) has been calculated to give AH°(UPd3 0 9 9 ) -

-(1610.9 t 30.7)tcJ mol-1. By substracting the enthalpy of formation 

of UF6(g), -(2147.6 t 1.8)kJ mol
-1 (table 3.16.) the standard enthalpy 

of formation of UPd3 m , AH°|UPd3 0 9 9, c, 298.I5K' - -(536.7 t 30.8) 

kJ mol-1, was derived. 

The amount of fluorinated palladium in the reduction experiments ac

cording to reaction (3-11) has also been determined in a different way 

by analysing the amount of PFj converted to PF^ after the reduction 
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experiments. The r e s u l t s of four determinations are given in table 

3 .19 . P?5 i n PF3 was Measured mass-speetrometrically in volume per cent 

and recalculated to aole per cent . The tank was charged with 0.19651 

aole PF3 froa which n(?F 5) could be ca lcu la ted . Since for the react ion: 

PF3(g) + F 2 (g ) -• PF 5 (g) , n(PF5) = n ( F 2 ) , the aaount of f luorine which 

has been connected with pa'ladlum can be calculated (m(F 2 ) ) . The heat 

of "he r-a-tiyn PF + F. • . '- i s known from tab*e 3 . 1 6 . , -16670.3 Jg"1 , 

>nd AlKi<2} can be cal< ^.nced. Iron the t o t a l energy (&U ( t o t a l ) } i n -

vclvcd in the reduction experiments and AU(F,), AU{Pd(PdF6)} + AU(PdF2) 

can be ca lcu la ted: 

AU(total) + AU(F2) * [AU{Pd(PdF6)} + AÜ(FdF2)] (3-14) 

These values for [AU{Pd(PdF6)} + AU(PdF2)] were inserted ir. table 3 .17. 

in order t o ca l cu la te the values for AÜ /m (sample) in table 3 .19 . 
c 

From the average heat of combustion of UPd} 0 9 9 in table 3.19., 

AU°/M(UPd3 0 9 9) « -(2861 ± 226)J g"
1, the standard enthalpy of forma

tion of U?d3 m , AH°{UPd3 „ „ , c, 298.15*} * -(519 ± l28)kJ mol
-1, has 

been derived, in the same way as for table 3.17. Although this result 

must be considered as a tentative value, due to the large uncertainty 

in the analysis of PF5(g), it supports the value derived above. An ad

vantage of this method is that we do not need to know the enthalpies of 

formation of Pd(PdFfi) and PdF2, as well as their amounts in the mixture 

of palladium fluorides. 

III.4.4. Discussion 

The standard enthalpy of formation of UPd3 Q 9 9 (c), AH°(UPd3 0 9 9, c, 

298.15K), has been determined to be -(536.7 t 30.8) kJ mol-1. To 

calculate the enthalpy of formation of the stoichiometric compound we 

assume that excess of palladium is entirely in solid solution, as is 

justified by solid solubility measurements of Pd in UPd3 [2]. We then 

find in good approximation ^ " f AH°(UPd3 099)} - AH°(UPd3, c, 298.15 K) 

• -(550 ± 31)kJ mol"1. 

The only previous value for the enthalpy of formation of UPd3 is an 

estimate of -251 kJ mol"1 [3lj. The enthalpy of formation of UPd3 is 

comparable with the very negative enthalpies of formation of ZrPtj: 

-(517 • 33)kJ mol"1 [32], and Hf Pt3: -(552 t 48)kJ mol"
1 [32], i.i 
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accordance with the predicitions of the Engel-Brewer theory [33]-
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Table 3.15. Analysis and impurity corrections of UPd 

impurities present in UPd 

total 

element aass lapurity aass heat of total total 

per cent per cent combustion uranium palladium 

_l 
(Jg ) as UPd3 as UPd3 

U 

Pd 

0 

C 

N 

H 

Al 

Si 

Fe 

Ni 

Ta 

42.48 

57.27 

0.0660 

0.0205 

0.0140 

< 0.0010 

0.0005 

0.0020 

0.0019 

0.0011 

0.0085 

uo2 

uc 
UN 

-

Al(sol) 

USi 

Fe(sol) 

Hi(sol) 

TaPd3 

0.5570 

0.4268 

0.2519 

-

0.0005 

0.0190 

0.0019 

0.0011 

0.0235 

22.84 

51.61 

18.99 

-

0.28 

2.66 

0.33 

0.12 

0.75 

42.48 

-0.4910 

-0.4063 

-0.2379 

-0.0170 

57.27 

-0.0150 

total 99.8655 1.2817 97.58 41.3278 57.2550 
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Table 3.16. Auxiliary data at 298.15K 

C /J K-lg-1 UPd3(c), 0.183 [28]; Ni(c), 0.4439 [15]; 

Se(c), 0.3213 [16]; C(graphite), 0.7100 [16j; 

Pd(c), 0.243 [15]. 

p/g cm-3 Ni(c), 8.907 [17]; Se(c), 4.804 [l8]; 

Pd(c), 11.4 [29]; PdF3(c), 5.06 [29]; 

C(graphite), 2.27 [19]; UPd3(c), 13.39 [10]. 

C°/J K-lmol-1 F2(g), 22.983 [15]; UF6(g), 121.3 [20]; 

SeF6(g), 102.17 [12]; CF^g), 52.76 [15]; 

PF3(g), 50.38 [21]; PF5(g), 74.85 [21]. 

{A'^/Mj/Jg-1 Se(c), -(14078.7+2.5) [l2]; C(graphite), 

-(77769.3 + 18.4) [ll]; U(c), -(9199.64 + 7.7) [4]; 

UF^c), -(875.8 + 8.4) [34]; Pd(PdF6)(c), 

-(2937.7 ± 22) [6]; PdF2(c), -(3230.7 + 291) [35]. 

[AU°/M(F2)}jg-
1 PF3 + F2 reaction: -(16670.3 + 7.5) [5]. 

AH°/kJ mol"1 UF6(g), -(2147.6 + 1.8) [4]; 

CF^g), -(933.20 + 0.8) [22]; 

C2F6(g), -(1343.9 + 5.0) [23]; 

C3F8(g), - ( 1754 .8+20 .0 ) [23]; 

SeF6(g), -(1116.92 +0 .59 ) [12]; 

Pd(PdF6)(c), -(967.4 + 7.3) [6 ] ; 

PdF2(c), -(469 + 4 2 ) [33] . 

AH°/kJ mol-1 PF3 + F2 reaction: -(635.9 + 0.3) [ s ] . 

{AU°/M(PdF2)}jg-J PF3 + PdF2 reaction: -(1156.5) [ 5 , 6 ] . 

[AU°/M[Pd(PdF6)}]jg-1 PF3 + Pd(PdF6) reaction: -(2877.5) [ 5 , 6 ] . 



Table 3.17. Results of UPd 

Experiment No. 

m1(UPd3)/g 
D.f(UPd3)/g 
n(UPd3 reacted)/g 
m(C reacted)/g 
m(Se reacted)/g 
n(C2F6 formed)/umol 
n(C3F8 formed)/umol 
m(UFu formed)/g 
Лвс/К 
e(calor)(-u9c)/J 
AU(contents)/J 
UU(gas)/J 
AU(C)/J 
AU(Se)/J 
&U(F2,blank)/J 
UU(C2F6 + C3F8)/J 
AU(UFU)/J 
AU{Pd(PdF6)}/Jb 
Aü(PdF2)/J

b 

{AU°/m(sample)}/Jg_ 1 

combustion experiments 

2 4 

0.51341 

0.00070 

0.51271 

0.28745 

0.05846 

4.41 

1.08 

0.00016 

1.85987 

0.53204 

0.00089 

0.53115 

0.26561 

0.05344 

4.41 

1.08 

0.00016 

1.73499 

-25765.5 

-43.7 

-1.1 

22354.8 

823.0 

-15.8 

-3.4 

-0.1 

1123.7 

65.0 

-2853.7 

-24035.5 

-40.8 

-1.0 

20656.3 

752.4 

-15.8 

-3.4 

-0.1 

1069.3 

61.9 

-2930.8 

5 6 

0.55797 

0.00035 

0.55762 

0.28291 

0.04704 

5.37 

0.96 

0.00010 

1.83704 

0.51332 

0.00042 

0.51290 

0.28619 

0.07398 

4.08 

0.74 

O.uOOll 

1.86976 

25449.2 

-43.2 

-1.1 

22001.7 

662.3 

-15.8 

-3.8 

-0.1 

1175.5 

68.0 

-2879.6 

-25902.5 

-43.9 

-1.1 

22256.8 

1041.5 

-15.8 

-2.9 

-0.1 

1128.8 

65.3 

-2873.7 

11 12 

0.54602 

0.00089 

0.54513 

0.27894 

0.05366 

5.71 

1.34 

0.00035 

1.81672 

0.53160 

0.00077 

0.53083 

0.28647 

0.04593 

2.47 

1.26 

0.00016 

1.84525 

25151.5 

-42.6 

-1.0 

21693.0 

755.5 

-15.8 

-4.4 

-0.3 

1119.7 

64.8 

-2903.0 

-25546.5 

-43.3 

-1.1 

22278.6 

646.6 

-15.8 

-2.6 

-0.1 

1083.1 

62.7 

-2897.9 
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Table 3.17. (continued) 

average (AU°/m(sample) - -(2889.8 ± 10.9)Jg"lC 

mass correction (table 3.15.) • (0.012817 ± 0.001345) 

Impurity correction (table 3.15.) - (97.6 ± 3.0)J3~lC 

mass and impurity correction for UPd : 

(l-0.012817)g UPd3 Q 9 9 » -(2889.8 - 97.6)Jg
_1 

AU°/M(UPd3 Q 9 9) = -(2828.5 ± 12.0)Jg"l
C 

other uncertainties (PdF -analysis) - (± 24.6)Jg_lC 

AU°/M(UPd3 0 9 9) - -(2828.5 ± 54)Jg"l
d 

AU° - -(1605.9 ± 30.7)kJ mol-ld,e 

c 

AH° - -(1610.9 ± 30.7)kJ mol-ld'e 

c 

AH°(UPd3 099) * -(536.7 ± 30.8)kJ mol
_ld,e 

aFor the reaction UPd 099(c) + 3 F (g) -• UF,(g) + 3.099 Pd(c). 
h * 
Masses of Pd(PdF,) and PdF. are given in table 3.18. 
c 
Standard deviation of the mean. 

±, Uncertainty interval equal to twice the final overall standard 

deviation [30] 

The molar mass of UPd, Q 9 9 was taken to be 567.763 g mol
-1. 



Table 3.18. Results of PF, reduction experiments 

Experiment No. 2 4 

A0 .K 0.07544 0.07154 

e(calor)(-AGc)/J -1045.1 -991.1 

AU(contents)/J -2.1 -2.0 

AU(gas)/J 0.1 0.1 

AU(PF3,blank)/J -72.6 -72.6 

AU(total)/J -1119.7 -1065.6 

m{Pd(PdF6)unreacted}/g 0.00150 0.00138 

m{»d(PdF6)total}/g
a 0.38253 0.36400 

m(PdF2)/g
a 0.02013 0.01916 

5 6 11 12 

0.07927 0.07582 0.07529 0.07253 

-1098.2 -1050.4 -1042.3 -1004.1 

-2.2 -2.1 -2.1 -2.0 

0.1 0.1 0.1 0.1 

-72.6 -72.6 -72.6 -72.6 

-1172.9 -1125,0 -1116.9 -1078.6 

0.00101 0.00143 0.00107 0.00166 

0.40016 0.38427 0.38116 0.36870 

0.0/106 0.02022 0.02006 0.01941 

aFrom equation (3-12) 
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Table 3.19. Determinations of PF,. in PF after reduction experiments. 

Experiment no. 

PF5 in PF3 

(volume per cent) 

PF5 in PF3* 

(mole per cent) 

n(PF5)/mol
b 

•(F2)/g 

AU(F2)/J 

AU(total)/JC 

AU{Pd(PdFfi)}/J 

AU(PdF2)/J 

d 

+ 

4 

1.68 

1.743 

0.003425 

0.13104 

2184.5 

-1065.6 

1118.9 

5 

1.72 

1.785 

0.003508 

0.13329 

2222.0 

-1172.9 

1049.1 

6 

1.83 

1.899 

0.003732 

0.14180 

2363.8 

-1125.0 

1238.8 

11 

1.86 

1.930 

0.003793 

0.14412 

2402.5 

-1116.9 

1285.6 

{AU°/m(sample)}/Jg_1 -2954 -3228 -2787 -2718 

Average {AÜ°/«(sample)} - -(2922 ± 113)Jg_le 

mass and impurity correction for UPd (table 3.17.). 

AU°/M(UPd3 Q 9 9) - -(2861 ± 226)Jg"l
f * 

AU* 

AH* 

-if -(1624 ± 128)kJ mol-1 

-if -(1629 ± 128)kJ mol-1 

-if AH°XUPd3>099) - -(519 ± 128)kJ mol-1 

aThe densities of PF3 and PF5 were taken to be 3.907 g/1 and 5.805 

g/1, respectively. 

Total amount of PF, in reaction vessel: 0.L9651 mole. 

From table 3.18. 

Inserted in table 3.17. to recalculate {AU /m(sample)}. 
e c 

Standard deviation of the mean. 

±,Uncertainty Interval equal to twice the final overall standard 

deviation [30]. 
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CHAPTER IV 

EHF MEASUREMENTS 

IV.1. EHF TECHNIQUES 

IV.1.1. Introduction 

In this chapter the set up of the EHF techniques to measure the thermo

dynamic properties of the compounds Utu3, URh3 and UFj at high tempera

tures will be discussed. Attention will be payed to the principle of 

the measurements, developments in handling particular problems for the 

different systems and possible sources of error. 

IV.1.2. Description of EHF apparatus and method of measurement 

For measuring thermodynamic equilibria in solids, which are sensitive 

to oxygen, moisture and other non-inert gasses, the EMF equipment as 

described below can be used. Schematic diagrams of the EHF apparatus 

and the electrochemical cells are shown in fig. 4.1. 

The EMF measurements were performec with reversible galvanic cells 

using CaF, as electrolyte [l]. The electrochemical cell consisted of a 

series of pellets in a quartz tube (f), contacts (Ni/Ho or W), a refer

ence electrode, CaF2 electrolyte, a URh3 or URu3 electrode and, again, 

Ni/Ho contacts. The tempersture of the cell was measured with a Ft, 

Pt/10Z Rh thermocouple (d), calibrated at the melting temperatures of 

tin, zinc, antimony and silver. The thermocouple was surrounded by a 

thin quartz tube (e) which was sealed into the EHF apparatus by a Viton 

O-ring. In this way, the electrodes, electrolyte and contacts could be 

pressed tightly against the quartz holder (f) along with the moveable 

thermocouple tube. After assembling, the cell was placed in a quartz 

tube (h), all the stopcocks were closed, the equipment was taken out of 

the dry box and connected with the gas purification system. Before a 

series of experiments was started, the EHF apparatus was leak tested 

with a helium or Freon leak detector. 

Since the measurements have to be carried out in an inert atmosphere, a 

slow stream of purified argon was passed through the EHF apparatus 

during operation. 
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Fig. 4.1. EMF apparatus and 

electrochemical cells. 
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single crystal 

inert molybdenum ring and 

contacts 

nickel contacts 

thermocouple 
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A Freoa leak test is performed as follows: the EMF apparatus is evac

uated and sprayed with Freoa. If the apparatus is ler-kiag. Freoa is 

detected by way of a Freoa sensitive detector and a change in resis

tance is shown oa a recorder. Another aethod to test equipment for 

leaks is filling the apparatus with hellua Just above ataospheric pres

sure. All critical points are checked with a heliua detector with a 

saall hole in it. Traces of heliua are then detected by way of a aass 

spectroaeter (ceatroaic Leak Detector - LDtOQ) and an audiogenerator 

(sensitivity 1:107). 

Daring the aeasureaeats, the oxygen and H20 concentrations in the cell 

were constant*y aoaitored. The concentrations of oxygen and H.O were 

below 1 ppa. 

If.1.2.1. Gas purification system 

Before entering the EHF apparatus, the inert gas (argon) has to be 

extreaely well purified. The purification systea consisted of a coluan 

of BTS-catalyst heated to 110 *C, a coluan of activated molecular sieve 

and a column of finely divided powdered uranium heated to 220 *C. The 

last column is very reactive and will also pick up traces of M2 *•*
 H

5 

from the inert gas stream. 

At the argon outlet of the EMF equipment the oxygen and moisture con

centrations were monitored. Oxygen can be aeasured with a standard EMF 

cell: Pt(02)/Zr02/(5i,«iO)Pt, and moisture with a panametric-cell con

nected with a hygrometer (model 1000 or 2000). 

IV.1.2.2. Furnace control and data processing 

The EMF cell was heated with a resistance-heated furnace, connected 

with a temperature controller. Temperature control to within 1 K was 

achieved using a null-balance controller. In a later stage a programm

able furnace temperature controller was used. The temperature «llstribu-

tion in the furnace was deteralned, by measuring the temperature In the 

furnace as a function of the distance of the center. This measurement 

was performed in an unloaded EMF apparatus, by moving the thermocouple 

axlally up and down from the geometrical center of the furnace. In the 

actual measurements the electrochemical cells were placed In the «one 

of constant temperature. The length of this tone was 2 cm, sufficient 

to cause no temperature gradient In the electrochemical cells. 
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The cell potentials of the EMF cell as well as of tee thermoceople «ere 

measured simultaneously with a digital voltmeter (Solartroa. type 

A210), connected to a Solartroa data transfer wait-

IT.l.2-3. Fahricatioa of electrodes, electrolytes and contacts 

The electrodes and electrolytes (see fig- 4.1.) were fabricated »« 

follows. Ie order to avoid loss of contact between the pellets In the 

EMF cell daring operation. Ki/MiF2 reference electrodes have to be 

sintered prior to «se. 

•iefcel powder was first dried in parifled argon by slowly heating the 

powder «p to SOO *C. The reference electrodes were prepared by iatlaate 

nixing of nickel powder and nickel flworide (nixing ratio 3:1). pressed 

pellets were node (S nn In dianeter) and sintered In argon at M O *C 

for two hoars, after sintering, the pellets were polished. The other 

electrodes, nlxtures of OF + Uth + th; UF + ü*u • ftn and Ü • OF, 
« . 3 1 1 J 

were pressed Into 8 nsr-dianeter pellets. Sintering before cse of these 

electrodes was not required. 

Daring the measurements with different types of cells, «sing CaFj as 

electrolyte, both CaF, crucibles and single crystals have been used-

The CaF, crucibles were aade from connects of CaF2 powder (extra pare, 

BOH Chemicals United), which were pressed into pellets with a dianeter 

of 2.0 en and length • 3.5 en- A hole (dlaaeter 1.2 cat) was drilled 

into these pellets and the bottons of the CaF2 crucibles were carefully 

flattened with a special tool. The crucibles were aade gas-tight by 

sintering in argon at 1340 *C, son»what below the aeltlng point of 

CaFj. The resulting density was 9o.5X of the theoretical density. The 

thickness of crucible bottons as well as single crystals was about 0.1 

ca-

The contacts were nade of uolybdenua (or tungsten) and nickel connected 

with nickel wires (fig. 4.I.). 

I?. 1.2.4. Diffusion In calclra fluoride 

Calciua fluoride has been used extensively as the solid electrolyte in 

galvanic cells for the past decades [l]. EMF cells have been designed 

tc detcmine the free energy of formation cf various compounds. 

Single crystals of CaF? as well a* sintered crystals and crucibles of 

CaF2 are becoming more and more popular as electrolytes as can be seen 



- m -

from the large amount of work done with these crystals recently on the 

systems: Th-Ru [4], Th-Rh [5], Th-Os and Th-Ir [f>], as well as Th-Pd 

[7]. Also work has been done on the systems: U-Fe, U-Cu, U-Co [8,9], 

and U-Os, U-Ir [lO], using CaF2 electrolytes. 

Ure [il] has originally studied the mechanism of conduction in CaF2 

stabilized with NaF and YF3, by transference number measurements and 

diffusion measurements. It was concluded that the conduction was ionic 

and the F ~ Ion carried all of the current. In the range 500 °C - 900 

°C no electronic conduction was found in CaFj [l2]. The reaction in 

the electrolyte is as follows: 

Ca(g) + 2F " » CaF2 + 2e" (4-1) 

from which the electronic conduction (0 ) in CaF-, can be derived as a 
e z 

function of the activity (a^) of calcium: 

ae - k. (a C a)
0- 5 (4-2) 

It Is Important to note that the electronic conduction can be neglect

ed, as long as the molar free enthalpy of solution of fluorine 

(AG_, -,) in the electrodes is smaller compared to AG . .. in CaF2. 

Also more recently [13] conductivity and EMF measurements, performed 

with undoped CaF2 single crystals, have lead to the conclusion that the 

transference number for F ~ ions in CaF2 is 1 over the entire tempera

ture range studied (550 °C - 800 °C). Measurements of the total conduc

tivity (a ) for CaF2 with an a-c bridge as a function of the partial 

pressure of fluorine (p_ ) do not indicate any electronic conductivity 
2 

for CaF2 at very low partial pressures of fluorine (pp 10"1*5 atm) 

[13]. Adding other fluorides, for instance YF3, increases the number 

of F vacancies and, hence, the conductivity for fluoride Ions. No 

direct measurements have been made to determine whether CaF2 (doped) 

becomes an electronic conductor at very low fluorine potentials. 

Measurements can be undertaken over wide ranges of fluorine activity 

and temperature (600 °C - 900 °C), with fluorine chemical potentials of 

Ni,NiF2: AG°(600 °C) - -261 kJ per fluorine atom [2] up to Th.ThF,,: 

AG°(600 °C) * -456 kJ per fluorine atom [3]. Note that for Ca,CaF2: 

AGf(600 °C) - -538 kJ per fluorine atom [3]. 
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During our EMF measurements it was noticed that the kind and the 

thickness of the solid CaF2 electrolyte influences the length of time 

in which an EMF cell reaches equilibrium at a constant temperature. The 

Increase of the EMF (mV) as a function of time (hours) was measured, 

just after the start of the measurements, with the cell: 

- Ni,NiF2/CaF2/UFl4,URh3,Rh -, using polycrystalline, sintered CaF2 

crucibles, with varying bottom thickness, as electrolyte. The results 

for 1.0, 1.8 and 3.6 mm bottoms at a cell temperature of 650 °C are 

10 20 30 

time/h 
40 

Fig. 4.2. EMF/mV as a function of the time after the start of an EMF 

measurement. On the time t » 0 the temperature of the cell 

had reached equilibrium (650 °C). 

given in fig. 4.2. On the time t - 0 the temperature of the cell had 

reached equilibrium. It appears from the measurements that with a CaF2 

electrolyte having a bottom thickness of 1 mm, the EMF of the cell is 

In equilibrium at 650 "C only after about 11 hours. A CaF2 crucible 

with a bottom thickness of 1.8 mm gives a constant cell EMF after 36 

hours. There is a relation between the thickness of an electrolyte (d), 

the time (t) to reach equilibrium and the diffusion coefficient (D) of 

the transporting ion in the electrolyte (In this case F " ) • Therefore 

the diffusion coefficient D _ at 650 °C for our particulary sintered 

CaF2 electrolyte can be calculated. Since TJJ-T- Is constant at constant 
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temperature, it follows from the measurements: 

(d^)2 <d 2)
2 

D _ (650 °C) » — - 2.5 x 10"7 cm2Sec-l. (4-3) 
F tx t2 

Theoretically it would take six days for a cell with a CaF2 electrolyte 

with a bottom thickness of 3.6 mm to reach equilibrium at 650 °C. For a 

CaF2 single crystal it was found in the literature (14) that: 

D_ _ - 50 exp(- 2.0/kT) (350 °C - 940 °C) (4-4) 
r 

which means that at 650 °C: D p - » 6 x 10~
10 cm2/sec-1. 

Diffusion of F ~ ions in sintered crystals is much more rapid compar

ed to single crystals of CaF2, because of the contribution of grain 

boundary diffusion. 

IV.1.2.5. Measurements of asymmetry potentials 

An advantage of the use of CaF2 electrolytes is the fact that studies 

may be made using electrodes containing metals which have a large solu

bility of oxygen, and hence would be unsuitable in oxide electrolyte 

studies. 

Asymmetry potentials were measured using the simple cell: 

Ni / Mo / Ni,NiF2 / CaF2 / N1,N1F2 / Mo / Ni 

Usually the asymmetry potential of EMF cells may not exceed ± 2 mV. 

From the results we concluded that a higher oxygen content In one of 

the electrodes (0.412 mass percent) does have Influence on the asym

metry potential at temperatures below 750 °C, but the difference is not 

significant. In our actual measurements N1,N1F2 electrodes were used 

with an oxygen content of 0.143 mass percent. 

IV.1.2.6. Jources of error In EMF techniques 

A short discussion of possible sources of error in our particular EMF 

measurements is necessary because most problems In EMF measurements 

arise from experimental difficulties. 

- The gas purification system must work well. It Is necessary to pay 

close attention to the gaseous atmosphere which is in contact with 

the electrodes and electrolyte. The principal gas (argon) must be 

rigorously de-oxidlsed and dried before use, and even then It is 
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useful to protect the most sensitive electrode by locking the elec

trode in the CaF2 crucible- Oxidation of the electrodes will result 

in loss of contact between electrode and electrolyte, and therefore 

give a wrong EMF. 

- When sintering of one of the electrodes or both of them takes place 

during the measurements, loss of contact will be the result. Pre-

sintering of the electrodes is necessary then. 

- A small leak in the system will cause slow oxidation, poor contacts 

and sometimes a rather slow drop in EMF. This can be checked after 

dismantling the EMF-cell in the dry box, and studying the surfaces of 

the electrodes and electrolyte very carefully by means of X-ray dif

fraction. Tie X-ray diffraction results will answer the question 

whether there is a reaction between the electrodes and the electro

lyte or oxidation. It is therefore necessary to study both surfaces, 

of the electrode as well as of the electrolyte, because the diffusion 

of one of the components in the cell can go in two directions. 

- Deterioration of the electrical contacts at high temperatures or 

after using the cell for a long period of time, will rause an in

stable EMF. 
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IV.2. DETERMTNATION OF THE GIBBS ENERGIES OF FORMATION OF URh3 AND 

URuj BY SOLID STATE EMF MEASUREMENTS a 

IV.2.1. Introduction 

Intermetalllcs of the type (U,Pu)Me3, where Me » ruthenium, rhodium and 

palladium, are formed during fission of actinldes In fast breeder reac

tors by reaction of platinum metal fission products with ceramic 

(U,Pu)02 or (U,Pu)(C,N) fuel. Plutonium fission, in particular, gives a 

high yield of light platinum metals. Bramman et al. [l] first reported 

the presence of (U,Pu)(Ru,Rh,Pd)3 inclusions in irradiated oxide fuel. 

The appearance of these intermetallic phases is surprising because 

their formation inplies the reduction of the very stable uranium and 

plutonium oxides and, consequently, a high thermodynamic stability for 

the UMe compounds. Indeed, Brewer [2] predicted unusual thermodynamic 

stability for intermetallic compounds of the platinum group metals. 

Holleck and Kleykamp [3,4], and Naraine and Bell [5], who measured 

Gibbs energies of formation by EMF measurements, found a high stability 

for URh . In addition, Schmidt [6] measured the Gibbs energies of URh, 

by means of a "coupled reduction". However, the different sets of 

measurements do not agree at all. In the case of URu only EMF measure

ments by Holleck and Kleykamp are available [19]. Because of the uncer

tainties in the published measurements, we decided to redetermine the 

Gibbs energies of formation of URh. and URu.. 

IV.2.2. Experimental 

IV.2.2.1. Materials 

Starting materials for the preparation of URh, and URu. were rhodium 

and ruthenium powder of high purity (99.99%, Johnson & Matthey Chem

icals, Limited), and uranium nitride (UN). 

UN was prepared by the reaction of finely divided uranium powder with 

nitrogen [7]. At 980 K uranium sesquinitride (U,N,+X) is formed, 

This chapter has been submitted for publication as an article with 
the same title in The Journal of Chemical Thermodynamics, by 
G. Wijbenga and E.H.P. Cordfunke. 
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followed by decomposition in vacuum or inert atmosphere to UN at 

1700 K. Before use the rhodium, ruthenium and nickel powders were dried 

in vacuum at about 800 K to remove any adsorbed moisture. 

URh3 and URu, were prepared by heating mixtures of UN with rhodium and 

ruthenium in the stoichiometric compositions at 1380 K and 1580 K, 

respectively. A high-frequency induction furnace was used for the heat

ing ot samples. The equipment consisted of a pyrex tube with a water 

cooled copper v centrator containing a TaC crucible on an alundum bar. 

The tube was assembled in the glove box, placed witUn the induction 

coil of the furnace and connected with the gas purification system. 

After the pyrex tube had been flushed sufficiently with purified argon, 

the sample in the TaC crucible was heated. The temperature was measured 

with an optical pyrometer on a black-body hole in the TaC crucible 

(accuracy about 5 K in the temperature range 1200 K - 1800 K). The 

reaction products were ground and reheated. This was done until the 

reaction was complete as indicated by the X-ray diffraction patterns. 

The X-ray diffraction results for URh and URu are given in table 

4.1. 

Table 4.1. The X-ray diffraction results for URh and URu, 

compound symmetry lattice parameter of UMe„ 

observed literature 

URh, „„„„ 
3.0000 

URh3 + Rh*) 

URU2.9996 
URu3 + Ru + UP3*) 

fee (Cu Au) 

fee 

fee 

fee 

a * 399.15 pm a - 399.1 pm ref. 8 
o o 
a * 399.11 pm 
o 

a - 397.9 pm a * 398.0 pm ref. 9 
o o 
a * 398.3 pm o r 

*) The X-ray diffraction patterns of these mixtures were used to diag

nose extraneous reactions in the electrodes. 

Since the UN starting material contained a certain amount of U0_, the 

URh3 and URu3 preparations were purified by washing in an acidic solu-

URh3 and URu3 are insoluble in this tion (HN03/H20 1) to remove U00 

acidic solution. The purified preparations were dried in vacuum 



Table 4.2. Analytical results of the compounds used for the EMF measurements: mass fraction w and molar 

mass M. 

compound 

UN 

URh3 

URu3 

N1F2 

UF, 

UF3 

M 

mol 

252.038 

546.746 

541.239 

96.707 

314.023 

295.024 

102 w (U) 

found calc. 

94.38 94.44 

43.54 

43.98 

75.5 75.8 

80.5 80.7 

102 w (Rh.Ru.Nl) 

found calc. 

56.46 

56.02 

60.7 60.7 

102 w (F) 

found calc. 

37.9 39.3 

23.3 24.2 

19.1 19.3 

102 w (N) 

found calc. 

5.41 5.557 

102 w 

(0) 

0.128 

*)0.062 

1.016 

0.480 

0.156 

102 v 

<C) 

0.0130 

0.0300 

*) Before removing UO 
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at 800 K. 

Before use, the UF^ and NiF2 electrode materials were dried in a mix

ture of hydrogen fluoride (HF) and argon at 900 K and 1000 K, respec

tively. The UF3 was prepared by heating at 1325 K a mixture of uranium 

powder and UF,̂  at the proper stoichiometric ratio. The results of the 

chemical analyses of the compounds, prepared for the EMF measurements, 

are given in table 4.2. 

IV.2.2.2. EMF apparatus 

The EMF measurements were performed with reversible galvanic cells 

using CaF2 as the electrolyte [10J- Schematic diagrams of the EMF ap

paratus and the electrochemical cell have been given elsewhere [7], 

The EMF measurements have to be carried out in an inert atmosphere. 

Therefore, a slow stream of purified argon was passed through the EMF 

apparatus during operation. 

The electrochemical cell consisted of a series of pellets in a quartz 

holder, Ni/Mo contacts, a reference electrode, CaF_ electrolyte, a URh3 

or URu, electrode and, again, vi/Mo contacts. The temperature of the 

cell was measured with a Pt, Pt/10% Rh thermocouple, calibrated at the 

melting temperatures of tin, zinc, antimony and silver. The thermo

couple was surrounded by a thin quartz tube which was sealed into the 

EMF apparatus by a Viton 0-ring. In this way the electrodes, electro

lyte and contacts could be pressed tightly against the quartz holder 

along with the moveable thermocouple tube. After assembling, the en

tire cell was placed in a large quartz tube, all the stopcocks were 

closed, the equipment was taken out of the box and connected with the 

gas purification system. This consisted of a column of BTS heated to 

385 K, a column of activated molecular sieve and a column of powdered 

uranium heated to 500 K. Before a series of experiments was started, 

the EMF apparatus was leak tested with a helium or Freon leak detector. 

During the measurements, the oxygen and H-0 concentrations in the cell 

were constantly monitored* 

The electrodes and electrolytes were fabricated as follows: 

The reference electrode was a pressed pellet of an intimate mixture of 

nickel fluoride and nickel powder sintered at 1075 K. After sintering, 

the pellet was polished. As the other electrode mixtures of VF^ + Rh + 

URh3, or UF3 + Ru + URu3, were pressed into 8 mm-diameter pellets. The 
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CaF2 electrolyte was a cylindrical crucible placed over the UF̂  .URhj,Rh 

electrode to prevent evaporation of the UF^ from the electrode, and to 

protect the electrodes froa oxygen. The CaF2 crucibles were made from 

compacts of CaF2 powder (extra pure, BDH Chemicals Limited), which was 

pressed into pellets with a diameter of 2.0 cm and length ~ 3.5 cm. A 

hole (diameter 1.2 cm) was drilled into these pellets and the bottoms 

of the CaF2 crucibles were carefully flattened with a special tool. The 

crucibles were made gas-tight by sintering in argon at 1615 K, somewhat 

below the melting point of CaFj. The resulting density was 96.5 per 

cent of the theoretical density. The thickness of the crucible bottom 

was about 1 ma which was sufficient to enable the cell to reach equi

librium in a short time as diffusion measurements showed. Some of the 

aeasureaents were done with single crystal CaF. pellets. However, these 

cells were instable due to lack of mechanical strength and evaporation 

of UF,,. 

The contacts were made from molybdenum and nickel connected with nickel 

wires. A ring of molybdenum, which fitted exactly around the URh, elec

trode, minimized the space for vaporization in particular of UF^. The 

cylindrical nickel contact fitted snugly within the CaF2 crucible. 

The entire EMF-cell was heated with a resistance-heated furnace. The 

electrochemical cell was placed in the zone of constant temperature. 

The length of this zone was 2 cm, sufficient to cause no temperature 

gradient over the electrochemical cell. Temperature control tot 1 K 

was achieved using a null-balance controller. Cell potentials were 

measured with a digital voltmeter (Solartron, type A 210), connected to 

a data transfer unit (Solartron). 

Since the UFmURh3 ,Rh electrode is very sensitive to oxygen, the mea

surements had to be performed in an inert atmosphere with an extremel/ 

low H20/oxygen content. The argon gas flowing out of the cell contained 

H20 and oxygen at concentrations below 1 ppra. Provided the atmosphere 

was inert, and the contacts were good, the electrochemical cell could 

be kept in operation for several months. 

The measurements wrre performed in the temperature range 950 - 1180 K. 

In this range, there is no electronic conduction in CaF2 [ll]. Only 

deteriorating electrical contacts and reactions with the electrodes and 

electrolyte determine the temperature limits between which measurements 

can be performed. 
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IV.2.3. Results 

ÜRh3 

It was first attempted to determine the Cibbs energies of formation of 

URh} by measuring the EMF of the simple cell: 

Hi,Mo / Hi,HiF2 / CaF2 / UF3, URhj.Rh / Mo.KI, 

However, it was found that UF3 reacted with Rh in the electrode to give 

a mixture of UF,,, Rh and URh3. Therefore, a mixture of these compounds 

was used as the electrode, to give the cell: 

(-) Ni.Mo/ Ni,NIF2 / CaF2 / UF^lTRhj.Rh / Mo.NI (+) 

Several series of measurements were performed, and good agreement was 

found between the different sets of measurements (table 4.3.). 

The equilibrium cell voltages at constant cell temperatures were 

reached within eight hours. When the thickness of the electrolyte be

tween the reference and URh3 electrode was more than 1 mat, It took much 

more time to reach equilibrium. Measurements were made at constant 

temperatures, both heating and cooling with no significant difference 

In the measured values. 

The overall cell reaction, on passing 4 Faradays, is: 

2 Nl + VTH + 3 Rh * 2 NIF2 + ITRhj 

The standard molar Gibbs energy of formation of URh3 can be calculated 

from: 

AG°(URh3) « AG°(UF„) - 2 AGJ(N1F 2) + 4 ™ c e l l ( 5) 

where E j. denotes the measured cell EMF. 

The value for F used was: 96484.56 JV-1eq_1 [2l], The Glbbs energy of 

formation of NiF2 as a function of temperature Is well established [l2J: 

AG°(NlF2)/kJ.mol-
1 - -653.499 + 0.151293 T (800-1100 K) (4-6) 
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Table 4 . 3 - ENF-«easureaents with galvanic c e l l s of the type: 

Hi, XiF / CaF2 / UF^, Uth } , Rh; standard Gibbs energies 01 

formation, and "third law" enthalpies of formation of ORh,. 

T/K EMF/nV AG°(UTth3)/kJ nol"! AH°(298.15 K)/kJ n o l ' l 

948.6 

966.8 

968.3 

982.9 

991.1 

992.5 

997.3 

999.2 

1000.8 

1006.7 

1008.2 

1024.5 

1027.4 

1031.5 

1036.4 

1038.6 

1044.2 

1044.8 

1065.5 

1067.7 

1089.0 

1113.2 

C'5.7 

816.5 

816.6 

818.0 

818.2 

817.5 

818.6 

819.2 

818.4 

820.0 

820.3 

821.5 

821.5 

821.0 

820.3 

820.3 

824.3 

821.8 

825.4 

823.0 

825.6 

828.3 

- 307.35 

- 307.40 

- 307.39 

- 307.15 

- 307.24 

- 307.54 

- 307.21 

- 307.02 

- 307.36 

- 306.86 

- 306.78 

- 306.65 

- 306.70 

- 306.98 

- 307.34 

- 307.39 

- 305.96 

- 306.94 

- 305.97 

- 306.93 

- 306.36 

- 305.81 

- 301.36 

- 301.47 

- 301.46 

- 301.24 

- 301.36 

- 301.66 

- 301.35 

- 301.16 

- 301.51 

- 301.03 

- 300.95 

- 300.88 

- 300.95 

- 301.21 

- 301.61 

- 301.66 

- 300.25 

- 301.23 

- 300.41 

- 301.40 

- 300.99 

- 300.66 

\H^(URh3, 298.15 K) - - (301 .16 ± 0 . l7)kJ mol_l 
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Aa evaluation of the theraodynaaic data for PF% (s) at room teapera-

ture, using A"J>2#t-15 [il]. sjag.15 1'*.^] •**» Cp • 14.16.171 gave for 

the Cibbs energy of foraatioa of VTh: 

AC°XPF«»>/iJ-s»1"1 - -1909.958 • 0.282353 T («00-1100 g) (*-7) 

Fres sanations ( 4 - 5 ) , ( 4 -6 ) and (4-7) the standard s o l a r Cibbs energy 

of foraatioa of ORhj can be calculated for each temperature In table 

4 . 3 . to g i v e : 

AC0(D»i,}/fcJ a o l - 1 - -316.36» • 0.CO9257 T (950-U15 g ) 

o 
To calcalate &Hf (298.15 K) for Oth3 a 'third lav* analysis was 

perforaed for all experimental EHP teaperatures In table 4.3. Values 

for {n°(T) - ll0(298.15)} and S°(T) of Dthj [if], P [l7] and Mi [22]were 

used to calculate A{Ü°(T) - "°(2v8.15)} and AS°(T) for the reaction: 

U(c) + 31h(c) • ü«hj(c) 

They were calculated at the experimental ENF teaperatures by means of a 

Newton interpolation aethod. The enthalpy of formation of TOhj at 

298.15 K was calculated at all experimental EHF teaperatures froa: 

AH°(298.15 R) - -A{"°(T) - H°(298.15)} + T AS°(T) • AC°(T) (4-8) 

The results are given In table 4.3.; the average value for A8f( TRh}. 

298.15 K) was calculated froa this to be -(301.16 t 0.l7)kJ aol-1. 

URu3 

The Cibbs energy of Ulu3 has been measured with the saae type of elec

trochemical cell as üthj. The electrode was a pressed pellet of PF3, 

URu3 and Ru. No react1 on was found in this electrode. Since PF3 is less 

volatile than UP,, Jt the saae teaperatures, the CaP2 electrolyte was 

used in the fora of a thin pellet. After the first experiments, cracks 

were found in the electrolyte, resulting in poor contacts with the 

electrodes. For this reason, a CaF2 crucible, which had a very high 

mechanical strength, was again eaployed as descrihed before: no cracks 
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were observed I* the crucible after the experiments-

The EMF values of the reversible cell: 

(-) M.Mo / Bi.WIFj / CaF2 / CFj.üW.j.go / Mo.ffl (•) 

have been listed fn table 4.4. 

The overall cell reaction on passtag 6 Faradays, is: 

3 HI • 2 ÜFj • 6 Ru » 3 MIFj + 2 Oluj 

The standard solar Cfbbs energy of formation of URw3 can be calculated 

from: 

2 AcJ (Dtrnj) - 2 ficj (UF3) - 3 AcJ (WIFj) + 6 F* (4-9) 

where E . . denotes the measured cell EMF. 

An evaluation of the thermodynamic data for UF3(s) at room tempera

ture, using AlfJ 2M.15 [13K ^«.IS [l*.».!»] •*» Cp [14,16.17,18] 

gave the Cibbs energy of formation of UF3: 

AC®(UFj)/kJ mol'1 - -1500.500 • 0.213*24 T (1000-1200 It) (4-10) 

From equations (4-6), (4-9) and (4-10) the standard molar Cibbs energy 

of formation of U*u3 can be calculated for each temperature in table 

4.4. The results obtained were calculated by least squares: 

AG°. (URu3)/kJ nol"
1 » -17*.543 • 0.016290 T (1090-1 ISO It) 

To calculate AH, (298.15 It) for URu3 a "third lav" analysis was per

formed for all experimental EMF temperatures in table 4.4. Values for 

(H°(T) - H°(298.15)} and S°(T) of UKu3 [l8], 0 [l7] and ftu [22] were 

used to calculate &{H°(T) - R°(298.15)} and AS°(T) for the reaction: 

3 Ru(c) + P(c) • URu3(c) 

The enthalpy of formation of ITKiij at 298.15 It was calculated at all 

experimental F.MF temperatures using equation (4-8). The average value 

for AH®(PKU3, 298.15 It) was calculated to be: -(150.83 • 0.30) kJ mol"
1. 
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Table 4.4. Results of EMF-measurements for galvanic cells of the type: 

Ni, NiF2 / CaF2 / UF3, URu3, Ru: standard Gibbs energies of 

formation, and "third law" enthalpies of formation of URuj. 

T/K EMF/mV AG°(URu3)/kJ mol
-1 AH°(298.15K)/kJ mol-1 

1091.2 

1103.8 

1112.7 

1116.8 

1123.8 

1130.0 

1133.3 

1133.7 

1144.1 

1149.2 

1157.4 

1165.2 

1168.4 

1178.4 

1290.6 

1292.9 

1292.7 

1294.5 

1294.2 

1293.8 

1294.5 

1295.3 

1297.8 

1296.4 

1299.1 

1297.7 

1300.0 

1298.6 

- 160.89 

- 160.38 

- 160.56 

- 160.09 

- 160.27 

- 160.46 

- 160.31 

- 160.08 

- 159.49 

- 159.96 

- 159.29 

- 159.80 

- 159.17 

- 159.70 

- 151.66 

- 151.18 

- 151.36 

- 150.89 

- 151.08 

- 151.28 

- 151.11 

- 150.90 

- 150.31 

- 150.80 

- 150.13 

- 150.63 

- 150.03 

- 150.56 

AH°(URu3, 298.15 K) - -(150.83 ± 0.30) kJ mol" 
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IV.2.A. Discussion 

The results of the measurements by different authors are shown In fig. 

4.3. For URh3 our results differ from those published before. This Is 

especially so with Naraine and Bell's values [5]; no explanation can be 

given for the considerable discrepancies with our measurements. 

Holleck and Kleykamp [3], because of formation of l"7^ In their elec

trodes (as discussed before), obviously measured the EMF of the cell: 

U,UF3 / CaF2 / UF3,UF4 

The overall cell reaction, on passing 3 Faradays, is: 

A UF3(c) * 3 ÜF4(c) + U(c) 

Indeed, the AG -values, derived from their EMF measurements 

(- - 3 F.E ), are almost identical with the Glbbs energies of the 
cell 

UF3/UFi, equilibrium as can be calculated from the Gibbs energies of 

formation of UF3(c) and UF4(c); this is Illustrated in figure A.3. 

Schmidt [A] derived values for the Gibbs energy of formation of URh3 In 

a different way, namely by means of "coupled reductions": 

x Rh + U02 + 2H2 - URhx + 2H20 

The results of Schmidt do not agree with ours. Like in Naraine and 

Bell's results, their entropies of formation of URh3 are much too high, 

Indicating that the measurements are in error. 

For URu3 the situation is much better. The Gibbs energies of formation 

of URu3, found by Holleck and Kleykamp and later corrected by the 

authors [l9], are in fair agreement with our results (figure 4.3.). 

The values of the Glbbs energies of formation of URh3 and URu3 demon

strate the great thermodynamic stability of these compounds, as pre

dicted by the Engel-Brewer theory. Intermetalllc compounds formed by 

combining transition metals form the left of the periodic table with 

netals form the right of the table (e.g. HfPt3) are usually very stable 

[2,20]. From our results, it can be concluded that URh3 Is much more 

stable than URu3; this Is In agreement with the Engel-Brewer theory. 
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Naraine. Bell 

Holleck, Kleykamp 

U*3UF4-»4UF3 
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Fig. 4.3. Glbbs energies of formation of URh, and URu, as a function of 

temperature by various authors. 

Full lines: URh.; dotted lines: URu . 
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IV.3. GIBBS ENERGY OF FORMATION OF UF3 

IV.3.1. Introduction 

In chapter III.2. the determination of the enthalpy of formation of UF3 

by fluorine bomb calorimetry has been described. Cordfunke and 

Ouweltjes [l] determined AHf(UF3,c,298.15 K) by solution calorimetry. 

From these results, combined with S and C (see chapter VI.2.), 
iSB.lj p 

AGf(UF3) at higher temperatures can be derived. 

In this chapter the integral values for AG,(UF3) will be compared with 

the partial Glbbs energies of formation of UF3, obtained by solid 

state EMF measurements, in the temperature range 950 - 1170 K. 

IV.3.2. Experimental 

IV.3.2.1. Materials 

Uranium powder was prepared by hydriding metallic uranium at 300 °C, 

followed by dehydriding at 450 °C. This process was repeated several 

times to obtain finely divided powder. 

NiF2 and UF,, were dried in a mixture of HF and argon at 600 °C and 

700 °C, respectively. 

Nickel powder was heated at 500 °C in vacuum to remove any adsorbed 

moisture. The UF3 was prepared by heating in argon at 1050 °C a mixture 

of uranium powder and UF4 at the stoichiometric ratio. 

The results of the chemical analysis of the compounds prepared for the 

EMF measurements are given In table 4.5. 

Table 4.5. Analytical results of the compounds used for the EMF 

measurements: mass fraction w and molar mass M. 

compound 

Ü 

UF3 

N1F2 

J( 
mol 

238.029 

295.024 

96.707 

102 * 

found 

99.6 

80.5 

60.7 

r (U),(Ni) 

calculated 

100.00 

80.7 

60.7 

102 w (F) 

found calculated 

- -

19.1 19.3 

37.9 39.3 

102 w (0) 

0.165 

0.287 

1.016 

102 w (C) 

0.043 

-

-
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IV.3.3. Results 

The EMF measurements were performed with reversible galvanic cells 

using CaF2 as the electrolyte. The description of the EMF apparatus and 

schematic diagrams of the equipment have been given In chapter IV.1. 

As the reference electrode, a pressed pellet of an Intimate mixture of 

nickel fluoride and nickel powder, sintered it 800 °C, was used. As the 

other electrode, mixtures of uranium and UF3 were pressed Into pellets 

and sintered at 700 °C. 

After sintering all pellets were polished. For the CaF2 electrolyte a 

sintered cylindrical crucible was used, as described before, and placed 

over the U,UF3 electrode to protect the electrode from any oxygen con

tamination. The fabrication of the CaF2 crucibles has been described In 

detail In chapter IV.1. 

The contacts were made from tungsten and nickel connected with nickel 

wires. 

The Glbbs energies of formation of UF3, were measured using the cell: 

(+) N1,W / N1,N1F2 / CaF2 / UF3,U / W.Ni (-), 

Three series of measurements were performed In the temperature range 

950 - 1170 K, and good agreement was found between the different sets 

of measurements (tables 4.6. and 4.7.). The different series of meas

urements are shown In fig. 4.4. 

The equilibrium cell voltages at constant cell temperatures were reach

ed within 8 hours at temperatures above 1000 K; however, at lower tem

peratures equilibrium In the cell took over 24 hours. Measurements were 

made at constant temperatures, both heating and cooling, with no sig

nificant difference In the measured values. 

The argon gas flowing out of the cell contained H20 and oxygen at con

centrations below 1 ppm, as measured by a panametrlc-cell connected 

with a hygrometer and a standard EMF-cell: Pt(02) Zr02 (Nl,N10)Pt. 

Reaction of the very sensitive U,UF3 electrode with Impurities In the 

gas atmosphere of the EMF cell was minimized by locking the electrode 

In the CaF2 crucible, as described. 

The results obtained In the measurements are plotted as a temperature 

versus EMF graph (fig. 4.4.). 
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Fig. 4.4. Graph of EMF measurements as a function of temperature 

of the cell: Nl,NiF2 / CaF2 / U,UF . 

Results from three separate cells are shown. 

The overall cell reaction, on passing 6 Faradays, is: 

3 Nl + 2 ÜF + 3 N1F + 2 U 

The standard molar Glbbs energy of formation of UF can be calculated 

from: 

2 AG,(UF,) = 3 AG C(MF,) - 6 FE „ 
t 3 t ' cell (4-11) 

where E c e l l denotes the measured cell EMF. 

The Gibbs energy of i 

well established [2]: 

The Gibbs energy of formation of NIF as a function of temperature Is 

AG (NiF2)/kJmol-l = - 653.499 + 0.151293 T (800 - 1100 K) (4-6) 
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From equations (4-11) and (4-6) the standard molar Glbbs energies of 

formation of UF3 can be calculated for each temperature in tables 4.6. 

and 4-7. The value for F used was 96484.56 J V ^ q - 1 [3]. 

AGt(UF,)/kJmol_1 * - 1480.61 + 0.200528 T (1000 - 1049 K) (4-12) 
f 3 

and 

AG°(UF3)/kJmol-
1 - - 1492.40 + 0.211622 T (1049 - 1170 K) (4-13) 

IV.3.4. Discussion 

The values for AG (UF3), obtained from the EMF measurements, will now 

be compared with AGf(UF3), obtained from the thermodynamic data of 

UF3(s). 

In chapter IV.2. It has been derived: 

AG°(UF3)/kJmol"
1 = - 1500.500 + 0.213924 T (1000 - 1200 K) (4-10) 

With this result the EMF of the cell: N1,N1F2 / CaF2 / U,UF3, can be 

calculated using the equations (4-11), (4-6) and (4-10). 

The resulting EMF as a function of T Is plotted In fig. 4.4. 

The values of AGf(UF3), obtained via the EMF method (equations (4.12) 

and (4-13)), are more positive compared to AGf(UF3) determined calori-

metrlcally (equation (4.10)). This difference arises from the fact 

that EMF measurements are methods of deriving partial molar functions, 

while calorlmetric methods provide the integral values. 

If we make the assumption that the main reason for the difference be

tween AG,(UF3) and AGf(UF3) Is the solubility of impurities In 

uranium, we can calculate the activity of uranium. 

From the equation: 

AG°(UF3) - AG^(UF3) + AGy, (4-14) 

the Glbbs energy (AG ) of impurities in solution in uranium can be 

derived, from which the activity of uranium (a^) follows: 

AGy - RT in zv (4-15) 
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Table 4.6. Results of EMF neasureaents for galvanic cells of the 

type: Ni.NiF. / CaF / U,UF , and measured standard Glbbs 

energies of formation of UF3. 

T/K 

953.0 

959.1 

966.4 

967.5 

970.2 

980.0 

988.8 

1003.1 

1007.2 

1011.8 

1013.0 

1019.1 

1027.8 

1028.4 

1034.4 

1037.7 

1047.0 

1047.1 

1047.5 

EMF/mV 

1812.3 

1815.5 

1814.4 

1815.9 

1817.0 

1816.6 

1818.0 

1819.4 

1321.2 

1821.5 

1819.1 

1824.5 

1821.4 

1821.2 

1823.1 

1825.9 

1824.5 

1823.4 

1823.0 

AG°(UF3)/kJmol~l 

- 1288.6 

- 1288.1 

- 1286.1 

- 1286.3 

- 1286.0 

- 1283.7 

- 1282.1 

- 1279.2 

- 1278.8 

- 1277.9 

- 1276.9 

- 1277.1 

- 1274.2 

- 1274.0 

- 1273.2 

- 1273." 

- 1270.8 

- 1270.4 

- 1270.2 
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Table . . 7 . Results of EM' measurements for galvanic c e l l s of the 

type: N1,N1F2 / CaF2 / U,UF3, and Measured standard Clbbs 

energies of formation of UF3. 

T/K 

1054.2 

1058.2 

1058.7 

1062.6 

1067.3 

1067.5 

1077.1 

1078.0 

1081.4 

1081.8 

1092.7 

1102.0 

1102.1 

1109.1 

1110.0 

1113.9 

1116.8 

1118.8 

1122.3 

1127.1 

1131.5 

1134.2 

1140.6 

1142.8 

1146.5 

1149.7 

1160.9 

1161.2 

1168.5 

1170.2 

EMF/«V 

1826.7 

1824.0 

1827.0 

1824.2 

1826.2 

1827.3 

1825.5 

1825.1 

1827.2 

1828.0 

1825.4 

1826.9 

1828.4 

1826.0 

1827.5 

1829.0 

1829.6 

1829.6 

1827.7 

1828.2 

1830.1 

1828.3 

1830.6 

1830.6 

1828.7 

1831.0 

1831.5 

1831.5 

1829.8 

1832.0 

AG°(üF3)/kJBol
_1 

- 1269.8 

- 1268.1 

- 1268.8 

- 1267.1 

- 1266.6 

- 1266.9 

- 1264.2 

- 1263.9 

- 1263.7 

- 1263.9 

- 1260.6 

- 1259.0 

- 1259.4 

- 1257.1 

- 1257.3 

- 1256.9 

- 1256.4 

- 1255.9 

- 1254.6 

- 1253.6 

- 1253.2 

- 1252.1 

- 1251.3 

- 1250.8 

- 1249.4 

- 1249.3 

- 1246.9 

- 1246.9 

- 1244.7 

- 1245.0 
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The results of the activity of uranium as a function of the EMF are 

presented In fig. 4.5. 

From fig. 4.5. It can be seen that the activity of uranium Is much 

smaller than 1. A possible reason could also be a small non-

stolchiometry range of UF3. However, this has not been seen on the X-

ray diagrams. 

It should be pointed out that, although several authors have used U,UF3 

electrodes as reference electrodes In their EMF cells [4,5,6], our 

measurements Indicate that U,UF3 Is not a very suitable reference elec

trode, due to the activity of uranium. 

UJ 

I O D U 

1840 

1820 

mnn 

soot 

measured / 

.. I 

calculated J 

05 10 

'U 

Fig. 4.5. Activity of uranium (a..), calculated from the difference 

between AGf(UF3) using the thermodynamic data at 298.15 K 

and C (T), and AG,(UF3) using the measured EMF values. 
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ESTIMATION PtOCEMECS OF TnTxMDCmEMCAL DATA 

OF ACTUlOC-WolJE «TAL CUHTUUMIS 

V.l. limOOUCTlOM 

In nuclear industry knowledge of phase relationships and thermodynamic 

properties is required to deal effectively vie» possible material prob

lems. These problems inclnde the interaction of ««clear fnel with alloy 

claddings and fission products. 

There has been a growing interest in predictive models of Inorganic 

materials behaviour, not only for this reason, bat also because of 

increasing netal needs and energy shortages expected at the end of this 

century. Experimentally determined chermochemlcal data sweh as enthal

pies of formation and spectroscopic data are eery valuable for deciding 

which predictive model is suitable for which group of compounds. 

In this chapter a short description will be given of the mnjor predic

tive models for transition metals and alloys : the Engel-Brewer theory 

[1,2,3], the model of «edema, de boer and Boom [*,5,o], and the model 

of Watson aod Bennett [33,34]. These nxdels may serve as a basis for 

ordering and predicting the thermodynamic properties of allocs and pure 

metal phases. As a result we can understand and predict the phase dia

grams and thus the reactivity of a metal, iatermetallic compound or 

alloy in any chemical environment. 

As an example, the prediction of certain very stable intermetalllc 

compounds by Brewer [7] has indicated the possibility of reactions 

between common ceramics such as zirconla, or thoria, as well as refrac

tory oxides such as UO , or PuO-, and the platinum metals. Combinations 

of refractory oxides and noble metals were formerly thought to be 

stable at high temperatures. However, they appear to react readily 

under reducing conditions [8]. Predictive models for alloy stability 

can be a considerable help in making the proper decisions concerning 

the use of high-temperature materials in technology. 
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V.2. DESCRIPTION OF THE PREDICTIVE MODELS 

V.2.1. The Engel-Brewer theory 

Brewer has published several papers [l-3, 7, 9-16] on the stabilities 

of transition metal alloys. The essentials of the Engel-Brewer theory 

will be briefly presented here. 

The application of the valence bond model to metals and the recognition 

of d electron bonding are Pauling's important contributions to the 

development of the Engel-Brewer theory [17]. W. Hume-Rothery [19] de

veloped the correlation between electronic configuration and crystal 

structure of normal metals, and N. Engel [18] extended this concept to 

transition metals. Later on Engel applied the correlation between crys

tal structure and valence electron concentration more extensively to 

both elements and alloys [20,21 ]. 

A summary of the fundamental rules of the Engel-Brewer theory will be 

given here: 

1. The valence bond model is applicable to metals. Bonding is created 

through incompletely filled orbitals in the bonding valence state so 

that stability is determined by the number of unpaired bonding elec

trons and efficiency of overlap of their charge clouds. 

2. In metals and alloys the correlation between the number of s,p elec

trons per atom in the bonding valence state, and the crystal struc

ture is as follows. If n is the total number of valence electrons, 

then a dn-1s electronic configuration (less than 1.5 s,p 

electrons/atom) is related with a body-centered cubic, dn-2sp 

(1.7-2.1 s,p electrons/atom) with a hexagonal close-packed, and 

dn-3sp2 (2.5-3 s,p electrons/atom) with a face-centered cubic 

structure. 

3. In metals the d electrons are somewhat localized because of their 

fairly small orbits [30], the s,p electrons are quite delocalized. 

Accordingly, the roles of d versus s,p electrons in determining 

structure are different. Only the concentration of s,p electrons 

determines structure. The d electrons have relatively poor overlap 

with orbitals of nearest neighbours; however, overlap increases from 

3d to 4d to 5d. Some d bonding will be lost if the number of d elec

trons exceeds five because this necessitates the internal pairing of 

d electrons in the bonding valence state. 
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In the following sections the rules of the Engel-Brewer theory will be 

applied in the description of the Interactions between the platinum 

metals and the actinides : thorium, uranium, and plutonium considering 

both the pure metals and the alloys. 

V.2.1.1. Application of the Engel-Brewer theory to noble metals and 

actinides 

Noble metals 

The application of the valence bond model to metals will be explained 

with palladium as an example [l4,15,22]. The ground state of a gaseous 

Pd-atom is d10 (fig. 5.1). If the average internuclear distance, r, of 

a mole of gaseous Pd-atoms is reduced, the interatomic potential fol

lows a shallow curve; there are only weak Van der Waals Interactions. 

Solid Pd has the fee structure with the d 7 , 5sp 1 , 5 configuration, 

which can be considered as a blend of d8sp and d7sp2 configurations. If 

the promotion energy of about 586 kJ mol-1 [23] is used to excite the 

gaseous atoms from d10 to d ' 5sp 1 , 5 and the excited gaseous Pd-atoms 

600 -

!_ 400 -
O 

E 
2 200 

X 

- 2 0 0 

- 4 0 0 

Pd (g) excited state 

promotion 
energy 

Pd(q) ground state 

10 

Pd(s) ground state 

r— 

Fig. 5.1. Potential energies of d10 and d 7 , 5sp 1 , 5 configurations 

of Pd as a function of internuclear distance. 
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Fig. 5.2. Sublimation and promotion energies for Ru, Rh and Pd. 

* = Brewer's estimate. 

are allowed to approach one another, the result will be a very deep 

potential curve. This curve schematically represents the potential 

energy of a mole of Pd-atoras in the d7*5 sp1'5 configuration. 

Interaction of Pd-atoms in the d7'5 sp1'5 configuration is much 

stronger because there are five electrons per atom available for bond

ing. As the internuclear distance is reduced, the energy of the d7*5 

sp1*5 configuration drops far below that of d10; and the cohesion in 

Pd metal is due to five (or more) bonding electrons per atom. 

The net enthalpy of sublimation (or cohesive enthalpy) from solid to 

gaseous ground state of Pd metal is the enthalpy released when atoms in 

the bonding valence state condense, the bonding enthalpy of gaseous 

d7*5 sp1*5 Pd of 963 kJ mol"1, minus the promotion energy to the 

d7'5 sp1'5 state of Pd gas of 586 kJ mol"1, or 377 kJ mol"1. 

As presented here, the valence bond model is a thermodynamic cycle in 

which bonding has been shown in simple steps. The rule is that promo

tion may only take place if the bonding enthalpy is sufficient to pay 

off the promotion energy. 

In fig. 5.2. sublimation (AH . , ) , promotion (AH ) and bonding (AH.) 
sub! pr b 

enthalpies are given for ruthenium, rhodium and palladium in energy 

diagrams. The values for the promotion energies of Rh and Pd are recent 
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Hf Ta W Re Os Ir Pt 

Flg. 5.3. Properties of the second and third series transition metals 

and the actlnldes Ac, Th, II and Pu. 

( A • • : melting point * 500 K). 

( 0 O • : sublimation enthalpy * 250 kJ mol-1). 

estimates of Brewer [23]. 

The shape of the melting curves In fig. 5.3. can be explained also by 

application of the valence bond theory [3,24]. In the first half of the 

second transition series, Increasing the number of electrons Increases 

the number of bonds. 

Niobium has one more electron than zirconium. This electron Is In an 

unoccupied orbital. Thus, niobium has one more bond than zirconium and 

as a result It has a higher melting point and sublimation enthalpy (see 

also table 5.1.). Bonding effectiveness also plays a role, e.g. compare 

Nb and Mo. In the second half of the second transition series, Increas

ing the number of electrons decreases the number of bonds. 

Palladium has one more electron than rhodium. This electron goes Into 

an occupied orbital. According to the Paull principle, two electrons 

sharing the same orbital will spin pair and will be unavailable for 

bonding. Thus palladium has a lower melting point than rhodium. 

The VI B metals molybdenum and tungsten have the highest melting points 
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of the second and third transition series elements, due to their dbs 

configurations in the solid with the optimum five d orbitals with spin 

unpaired electrons available for bonding. It is interesting to see the 

role of 5d electrons compared to 4d electons in fig. 5.3. Apparently, 

the 5d electrons bond more strongly than 4d electrons (compare also 

fig. 5.4). In fig. 5.3. plots of the sublimation enthalpies of the 

second and third transition series elements have been presented. The 

similarity of the curves suggests that the same valence effects play a 

role in the different transition metal series. 

The melting points and sublimation enthalpies of the actlnldes Ac, Th, 

U and Pu are presented in table 5.1. and in fig. 5.3. 

We can make use of spectroscopic data in a quantitative manner by using 

the experimental promotion energies required to achieve the electronic 

configurations under consideration, together with experimental enthal

pies of sublimation, to determine the bonding energies that result when 

gaseous atoms are condensed to the solid metal (table 5.1.). Fig. 5.4. 

Illustrates the experimental data for bonding energies of metals of the 

second and third transition series [3,9]. Fig. 5.4. gives bonding ener

gies, not energies of gaseous valence state configurations which is 

what is usually meant by the term "energy of configurations". It fol

lows from fig. 5.4. that the difference in energy between the 4d con

figurations for Ru, Rh and Pd, and the 5d configurations for Os, Ir and 

Pt lays within the range of 29 to 46 kJ per electron mol. 

The bonding energy of an electron is largely Independent of the partic

ular structure, and one can draw a curve that can be used for predict

ing the bonding in yet unobserved phases of these metals with either 

the bcc or hep structures. Since the spectroscopic data for the dn-2sp 

[3,9] configuration of Rh and Pd are Incomplete, estimates were given 

for the d bonding energies for the hep structures of Rh and Pd In fig. 

5.4. 

Actlnldes 

The extension of the Engel-Brewer theory to the actlnlde metals is 

complicated because it is necessary to consider also the role of f 

electrons. For a long time, the necessary spectroscopic data have been 

lacking as spectra of elements involving s, p, d and f electrons have 

been extremely difficult to analyse [lO], Sufficient data are now known 
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Ba La Hf 

Sr Y Zr 

Ta W Re Os Ir Pt Au Hg 

Nb Mo Tc Ru Rh Pd Ag Cd 

0 1 2 3 4 5 4 3 2 1 0 

number of unpaired d electrons per atom 

Fig. 5 . 4 . Valence-state bonding enthalpy of metals in kJ mol" per 

bonding e l ec tron . Top curves : bonding enthalpy of 5s,5p and 

6s ,6p e l ec t rons , versus element. Bottom curves : bonding en

thalpy of 4d and 5d e l ec t rons , versus number of unpaired d 

e lectrons [3J . 

x : experimental points derived from hep s tructures 

o : experimental points derived from bcc s tructures 

to allow tabulation of promotion energies of the Important e l ec t ron ic 

configurations of thorium, uranium and plutonium. 

Table 5 . 2 . l i s t s poss ib le configurations that could make Important 

contributions to the bonding In the bcc-fcc phases of Th, U and Pu 

[ i t ] . Important configurations for uranium are f 3 d 2 s , f dsp, f d s , 

f 3 d 3 , fd^s, f 2 d 2 sp and f 3 s p 2 . The promotion energies are given In 

kJ mol"1 above the ground e lec tronic s t a t e s of the gaseous atoms 6d 27s 2 

of Th, 5f 36d 17s 2 of U and 5 f 6 7s 2 of Pu. For bcc thorium the e l ec tron ic 

configuration i s predominantly f°d 3 s with a promotion energy of 66.5 

kJ mol - 1 and with four e lectrons for bonding. 
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Plutonium (bcc) with a configuration f5d2s with three bonding electrons 

and a promotion energy of 178.2 kJ is less strongly bound. 

There are no spectroscopic data available to verify the electronic 

configurations of the fee phases but the Engel theory indicates that 

the fee phases will have more s and p electrons and fewer d electrons 

than the bcc phases. In bcc thorium the configurations fd2s, and f2ds 

would be of little importance. For plutonium the configurations f6ds 

and f5d2s, and also f6sp and f5dsp have similar promotion energies, but 

the configurations f5d2s and f5dsp with three bonding electrons would 

be most important. The configurations f*M3s and f**d2sp are estimated to 

have promotion energies that are too high to be offset by the addition

al bonding energy. 

The sublimation energies of Th, U and Pu are given in table 5.1. The 

difference in sublimation enthalpies between Pu and Th of almost 251 

kJ mol~l is due to the Pu f5d2s configuration which has a promotion 

energy of 111.7 kJ above the Th d3s configuration and has one less 

bonding electron. 

In fig. 5.5. bonding enthalpies and cohesive enthalpies are compared 

for the second and third series transition metals, as well as for the 

lanthanides and actinides. The high enthalpies of sublimation of the 

early actinides compared to the corresponding lanthanides is to be 

attributed to the more ready promotion of f to d electrons which allows 

use of more than three bonding electrons for Th and U and the use of 

three bonding electrons for Pu (see fig. 5.5. and 5.6.). 

Going from La to Sm (fig. 5.5.) the bonding energies of these metals 

(d2s, trivalent state) hardly increase, which means that the 4f elec

trons of the lanthanides do not contribute significantly to bonding, 

however, we must allow for contributions of 5f electrons to the bonding 

of the metals U and Pu [ll]. 

The ground states of the gaseous actinides Ac, Pa, U, Np, and Cm are 

trivalent, Th has a tetravalent state and Pu, Am, Bk and Cf have diva

lent ground states. 

The sublimation enthalpies of the actinides Pa to Am are much larger 

than the corresponding lanthanides but decrease more rapidly. Possible 

reasons are: promotion of f to d electrons (Th and Pa have the d3s-

state In the metal; U, Np and Pu the d2s-state), or contribution of 5f 

electrons to the bonding, which is decreasing going from U to Pu. 
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Fig. 5.5. Sublimation and bonding enthalpies of the second and third 

series transition metals and the lanthanldes and actlnldes. 

• • Sublimation enthalpies. 

O D Bonding enthalpies. 

The calculation of the known points in fig. 5.6. can be illustrated for 

uranium. The ground electronic state of gaseous uranium is f3ds2 and 

from table 5.2. we see that the f3d2s level of gaseous uranium is 74.9 

kJ higher in energy. The enthalpy of sublimation of uranium is 536 

kJ mol-1 (see table 5.1.). The bonding enthalpy of f3d2s atoms to form 

bcc metallic uranium is then 536 + 74.9 * 611 kJ mol-1. 

In fig. 5.6. the valence-state bonding energies of the actlnldes Th, U 

and Pu in the bcc structure are given for the configurations fn-2ds 

through fn_6d5s. Only in uranium all f electrons can promote to the 

d level up to the optimum of five bonding d electrons, the promotion 

energies are not too high to be offset by the additional bonding ener

gies. 

V.2.1.2. Estimates of enthalpies of formation of actlnide-noble metal 

compounds with the Engel-Brewer theory 

When thorium, uranfum and plutonium or any of the metals with unused 

4d, 5d or fid orbltals are mixed with the transition metals Ru to Pd or 

Os to Pt, which have an excess of 4d and 5d electrons, one would expect 

an extreme decrease in Glbbs energy for any of the structures [l3,25]. 
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Flg. 5.6. Valence state bonding energy of the actlnldes Th, U and Pu In 

the bcc structure. 

As an Illustration the possible electronic configurations of ThPd3 and 

ThRh3 are presented In fig. 5.7. In pure palladium the d orbltals oc

cupied with a pair of d electrons are non-bonding because they cannot 

overlap with d orbltals of neighbouring atoms. In fee Pd, each Pd atom 

has a maximum of 2-2.5 d electrons that can be donated to the vacant 

orbltals In bcc d3s thorium. Since ThPd3 has the hep structure, the 

following can happen. The non-bonding d electrons of the Pd atoms will 

be divided over the d and s,p levels of ThPd,. 

The gain In bonding electrons In ThPd3 compared to the elements will be 

approximately 0.75 electrons per atom according to the model In fig. 

5.7. There will also be a pay-off In promotion energy of Pd. The qual

itative prediction can be made that ThPd3 will be a very stable Inter-

metallic compound; Its enthalpy of formation being comparable with 

Pu ̂ground^ state) 
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ZrPt, and HfPt,. Zirconium and hafnium also have the d3s configuration 

in the pure metal. 

The gain in bonding electrons in ThRh, compared to the elements (see 

fig. 5.7.) will be about 1.5 - 2.25 electrons per atom, and the enthal

py of formation of ThRh will be comparable with the enthalpy of forma

tion (table 5.4.) of ZrRhj. If we consider the compound hep ThPd3 with 

more d electrons in Pd to be uncoupled compared to Rh, complete ; icoup-

ling of the d electrons in ThPd, will not occur because Th already has 

three d electrons and the f level of ThPd, will not accept electrons. 

Thus, some d bonding in ThPd, will be lost. However, it is also not 

sure whether complete uncoupling of d electrons in ThRh- will take 

place. There will be a gain in bonding electrons in PuPdj compared to 

the elements. The stability of PuPd will therefore be comparable with 

the stability of UPd,, or less because it is possible that some d elec

trons will "sink" in the f level of PuPd, and contribute less to the 

total bonding energy of the compound. It is expected that the inter-

metallic compounds of Th, U and Pu with Os, Ir and Pt will be more 

stable compared to the corresponding compounds of Th, U and Pu with Ru, 

Rh and Pd due to the larger contribution of 5d electrons in bonding 

compared to 4d electrons. 

An approximate calculation for the enthalpy of formation of URh can be 

made as follows. 

The enthalpies of sublimation (AH .,) of Ü and Rh are given in table 
SUD1 

5.1. and shown in fig. 5.5. Rh has a maximum of 9 (d and s,p) elec

trons and U a maximum of 6 (f,d and s,p) electrons, which can be made 

available for bonding in the intermetallic compound URh . If we con

sider that all the electrons in the incomplete filled energy levels of 

Rh and U are spread uniformly over all the atoms in URh , the average 

electron per atom value is: 

(0.25)6 e + (0.75)9 e =• 8.25 e 

With this electron per atom number (value in between Ru and Rh in the 

noble-metal rich compound URh,) corresponds an enthalpy of sublimation 

(0.75AH (Ru) + 0.25AH (Rh)) - 626.3 kJ per g atom, (5-1) 
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which can be considered as the hypothetical value for AH bj(URh3). 

The excess enthalpy of the interaetallic coapound URh3 as coapared to 

the eleaents Rh and U would be: 

[°-25{AHsubl(URh3) - AH s u M(U)} + 0.75{AHsubl(URh3) - AHsubl(Rh)}](5-2) 

is 76.6 kJ per gram atoa or 306 kJ aol-1. 

Using the saae procedure the enthalpies of formation of URu3> UPd3, 

UIr3 and ÜPt3 will be -138, -556, -490 and -452 kJ aol
_1, respectively. 

In fact these calculations have to be corrected for other factors such 

as electronic promotion energies and size effects. The results for 

uranlua are expected to be the best because the atoaic radii of U, Ru, 

Rh and Pd are very close: 1.38 A, 1.34 A, 1.34 A and 1.37 A, respec

tively. The results of Th, Ü and Pu noble-metal coapounds are given in 

table 5.3. 

For the Interaetallic coapounds of Th, Ü and Pu with the platinua 

aetals Pd and Pt, the results are presented in a graph in fig. 5.8. The 

choice of 6 bonding electrons in uranlua .'Including f-electrons) to 

calculate the estlaates in table 5.3. was arbitrary, however, the 

AHi , a o ,, values were excellent agreeaent with the experiaental values. 

The choice of 4 bonding electrons in thorlua is logical, but 8 bond

ing electrons in Pu are aay be too aany. The estlaated uncertainty for 

PuPd3 is therefore large (± 80 kJ aol"
1). 

Using the saae procedure, estlaates of the enthalpies of formation of 

Zr, Ifb, Hf and Ta noble-aetal coapounds were aade and given in table 

5.4. The results of the Interaetallic coapounds of Hf with the platinua 

aetals Pd, Pt, Ir and 0s are presented in a graph (fig. 5.9.). The 

thick solid lines are estlaates following Brewer's aodel. It has to be 

noted that these estlaates are expected to be aost accurate for AB3-

coapounds (noble aetal rich), especially for Th, U and Pu. The distri

bution of electrons around AB3 will then be least disturbed coapared to 

the pure noble aetal. 

V.2.2. The cellular aodel of Nledeaa et al. 

Mledema, de Boer and Booa have shown extensively in several papers 

[4,5,6,26] that a relatively staple atoaic aodel can account seal-

quantitatively for the enthalpy of formation, AH, ... .. of a wide 
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Flg. 5.8. Estlaated enthalpies of foraatlon of MW„ coapounds as 

a function of the atoalc ratio M/M, (H-Th, Ü, Pu). 
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5.9. Estimated and experimental enthalpies of formation of HfH* 

compounds as a function of the atoalc ratio M/Hf(H-Pt, lr, 

0s, Pd). 

« _ » : Estlaated results of Brewer. 

: Estlaated results of Watson. 

0 : Srlkrlshnan, Ftcalora [39]. 

O A : Kaufaan, Bernstein [37]. 

B : Choudary et al. r38l. 
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variety of liquid alloys and intermetallic compounds. 

According to Miedema et al. a binary alloy is constructed from Wigner-

Seitz atomic cells similar to those in the pure metallic elements. The 

atomic cells of two metals have approximately the same volume in the 

alloy and in the pure metals. 

Since an alloy or intermetallic compound is not only a mechanical mix

ture of two metals an alloying energy originates from the change in 

boundary conditions when dissimilar atoms come into contact. This ener

gy effect is derived from two contributions. 

The first term is negative, arising from the difference in chemical 

potential, Q*, for electrons in the two types of atomic cells. The 

second term reflects the discontinuity in the density of electrons, 

n , at the boundary between dissimilar atomic cells. This term gives a 
ws 

positive contribution to the enthalpy of formation of the alloy. 

When the binary alloy systems contain at least one transition metal, 

the following formula is applicable: 

AH m r- Pe(AQ*)2 + Q (An 1 / 3) 2 - R] (5-3) 
*• o ws J 

where Q* and n^/3 are, respectively, the electroneg *"*vity and electron 
ws 

density parameters which characterize a metallic el*- . e is the 

charge on the electron and the values of P, Q and R are constant for 
o 

large groups of alloy systems. 

R represents a large contribution that arises from an effective d-p 

hybridisation energy (relative to the pure d-metal). It is gained when 

a d-type transition metal acquires p-electron-type neighbouring atoms. 
Both ter"\s Q* and n 1 / 3 lead to a redistribution of electrons and thus 

ws 

to a change in the volumes of the atomic cells. 

As energy effects arise at the contact surface between dissimilar atom

ic cells its concentration dependence will be that of this surface 

area. It is therefore useful to introduce a term for the "surface con

centration" of metals [5]. The formula, used for calculating AH, of 

alloys from two transition metals, is slightly different from the 

formula above [5]. 

The model has been used to calculate the enthalpy of formation of bin

ary alloys that contain thorium [5], uranium [5], plutonium [27] and 

the platinum metals Ru, Rh, Pd, Os, Ir and Pt. Values of A ^ g g , ] ^ 
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predicted for intermetallic actinide-noble metal compounds are given 

in table 5.3. 

Enthalpies of formation of intermetallic compounds of Zr, Nb, Hf and Ta 

with the noble-metals using Miedema's model are given in table 5.4. 

V.2.3. An electron band theory model 

From point of view of the physics of metals, the regular variation of 

cohesion with the filling of the d-band, peaking to a maximum for the 

refactory metals in the middle of the series is well-known [36]. 

Fig. 5.10. 

Cohesive energy per atom A H S U ^ 

versus the atomic number of 

the transitional series (2 

and 3 series) 

It is especially clear in the second and third series where no magnetic 

complications occur in the solid state (fig. 5.10.). The magnitude of 

the cohesion peak shows that it must be related to d-band formation in 

the solid. The cohesive or sublimation enthalpy AH ... per atom can be 
subl 

given by: 

AHsubl 'N> 
AN (10-N) + BN (5-4) 

if one assumes that N (the number of d-electrons per atom) increases 

linearly from 0 to 10 through a series. This would correspond to a 

rectangular d-band of width W «• 20A. 

Watson and Bennett [34] have used the electron band theory model to 

predict enthalpies of formation of transition metal alloys. The model 

involves the chemical concept due to Friedel [36] of the transition 

element d electron levels broadening into a band where bonding energy 

is to be gained if the band is partially occupied. The model is illus

trated in fig. 5.11. It assumes a rectangular density of states, i.e. 

the number of electron states within any unit energy interval is con

stant across the band. If an electron Is put into the bands, there is a 
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(a) 

I 
C-«fc o»/* 

Energy, E 

0 5 10 
Number of occupied 
electrons /OTom, n. 

Fig. 5.11 a) Schematic of the rectangular band model of Friedel [36]. 

b) Cohesive energy predicted by this model for transition 

elements. 

bonding energy gain vhlch is the difference between the energy of the 

occupied levels and the band center of gravity C (see also fig. 5.4.). 

Once the band is half filled, adding another electron Involves filling 

antibonding levels above C and a consequent loss of bonding energy. The 

band filling energy is: 

N (10-N) 
20 W (5-5) 

where N and W are the d band occupancy and bandwidth, respectively. 

Pettifor [40] and Varma [41 ] applied the Friedel model to alloys. In 

addition to the band broadening term, one must account for changes in 

the position of the band centers of gravity. For a 50-50 alloy the 

enthalpy of formation will be: 

AH * NABCAB 

WAB ( 1 ° - N AB> 
20 W AB 

- !KCA 
N. (10-N.) N- (10-N ) 

+ N B c B - J L - * r A - w A - J W - ~ V (5-6) 

where N., N„ and N._ are the numbers of occupied d band levels in 
A B An 

metals A and B and the alloy respectively, C and W being their cen

ters of gravity and bandwldths. 
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Watson and Bennett [31,32,34] have taken into account also effects due 

to d electron transfer, conduction electron screening and volume ef

fects. They have set up a data base of predicted values for the enthal

py of formation of 270 50-50 transition metal alloys. 

Their results [33,34] were used to estimate the enthalpies of formation 

of AB3~compounds of Zr, Nb, Hf and Ta, and the noble metals as given in 

table 5.4. The relation: 

AH(AB3) [kJ mol"
1] = 3.2 F (AH(50-50) [eV atom"!]) (5-7) 

was used to calculate the values in table 5.4. 

The results are presented in a graph in fig. 5.9. for intertnetallic 

compounds of Hf with the platinum metals Pt, Ir and 0s. 

The thin solid lines are estimates following Watson's results. 
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V.3. DISCUSSION 

It follows from table 5.3. that there Is a very good agreement between 

the estimates of AH„nQ of uranium compounds with the platinum metals, 
2.JO 'I J 

using Brewer's model and the experimentally determined values. For 

this reason the model was applied to plutonium and thorium compounds 

with the platinum metals. Miedema's predictions for the enthalpies of 

formation of URh , UPd and Ulr are too positive compared with the 

experimental values. Since there are hardly any data on plutonium com

pounds with the platinum metals, we expect Brewer's estimates to be 

most reliable especially for PuRh , PuPd,, Pulr, and PuPt,. It can be 

concluded that the Engel-Brewer model is very well applicable to the 

intermetallic compounds of the actinides Th, U and Pu and the platinum 

metals. 

Miedema's predictions of AH_„_ are generally too positive for this 

group of compounds. One possible reason is that the uranium atom has 

a variable atomic configuration as far as the number of 5f electrons Is 

concerned. This will effect n ^ and, possibly also Q*. 

Another reason can be the use of incorrect values for the electro

negativity parameters (Q*) of the platinum metals. The values for Q* 

and n are almost the same for Ru, Rh and Pd In Miedema's model [5l, 
ws L J 

while the values for Q* increase considerably going from Ru to Pd, 

using an estimation procedure based on d-band properties [31]. 

Miedema has adjusted the electronegativity parameters Q* and the elec

tron density parameters n using work-function and bulk-modulus 
ws 

data. Watson and Bennett have estimated electronegativities for the 

transition metals based on their d-band properties [31]. 

Four predictive models are compared in table 5.4. and some experimental 

data. It can be seen that for the compounds MtRux, MtOsx and MtRh, 

(Mt » Zr, Nb, Hf and Ta) ail the models are in good agreement. It is 

interesting that the tendencies in the predicted AH Q values using 

the models of Brewer and Watson are the same, except for MtPd -

compounds. 

It has to be noted that there is a deviation of the regular variation 

of cohesion with the filling of the d-band going from Rh to Pd (table 

5.1.; fig. 5.5.). Palladium has a relatively low cohesive enthalpy com

pared to platinum, due to its d10 configuration In the gaseous state. 



- 160 -

This could explain the difference between Brewer's and Watson's results 

for AH° of MtPd,-compounds. If we take the average values for 
298»15 

AH-00 ,c of Brewer and Watson, most estimates are within 15 percent 
Z.70 .15 

of the average, and there is a very good agreement with the experi

mental data, especially the very negative enthalpies of formation of 
o 

ZrPtj and HfPtj. This is illustrated in fig. 5.9., in which A l ^ g . ^ 
is given as a function of the atomic ratio M/Hf (M » Pt, Ir, Os, Pd). 

It is clearly seen that the experimental results for HfPt and Hflr 

fall within the shaded areas between the predicted lines. Kaufman and 

Bernstein [37] have derived the AH°.-values as given in table 5.4. from 

the binary phase diagrams. They use the regular solution approach but 

they also have taken into account electronic contributions in AB, 

alloy formation. However, their estimates for the AH° QO values of 
L,29o.15 

MtPd,, Mtlr and MtPt compounds are too positive in comparison with 

the experimental data. This means that their assumption that A-A inter

action and B-B interaction in the internetallie compound is the same as 

in the pure metal may be incorrect. 

r , o 

Miedema's [5J predicted AH, values in table 5.4. for the zirconium-

noble metal compounds show the same tendency as- Brewer's values. 

However, the values predicted for the NtPt, compounds are somewhat low, 

for reasons mentioned earlier. We believe that some of Miedema's con

cepts about bonding especially in intermetallic compounds having incom

plete filled d and/or f-shells are too much simplified. 

It is well known [17,35] that metallic bonds are closely related to 

covalent electron-pair bonds. The total bonding energies in metals and 

intermetallic compounds can be so high, because each atom in an inter

metallic compound or metal forms covalent bonds by sharing electrons 

with its nearest neighbours. Brewer's model is based on the Insight of 

creating more covalent bonds in the intermetallic compounds compared to 

the pure metals. 

In Miedema's model, charge is transferred from electropositive metals 

Zr or Hf to Rh or Pd atoms, t**»*? reducing the number of Zr and Hf d-

electrons and filling the Rh and Pd d levels. First of all it is 

questionable if this will happen and secondly, in the scope of the 

above, the direction in which the charge goes is not really important 

in bonding. It is Important in metallic bonding and as a result in the 

enthalpy of formation of intertnetalllc compounds that there is sharing 
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of charge between the atoas. 

The role of electronegativity should be aaplified as there Is consider

able confusion in the literature [50]. Essentially, it is not realized 

by soae that the transfer of a pair of electrons in a generalized Lewis 

Acid-Base reaction is determined by the availability of a non-bonding 

pair of electrons and a vacant orbital. Thus Ca with a vacant p orbital 

accepts a non-bonding pair of electrons froa As to fora essentially a 

diaaond lattice with four bonds around each atoa even though gallium is 

auch more electropositive than arsenic. The electronegativity differ

ence will play a role in the distribution of the electrons in the bond 

between Ga and As but the driving force for formation of the bond does 

not have anything to do with electronegativity. Another example would 

be chroaluacarbonyl, Cr(CO),. Chromium is certainly much more electro-

positive than CO, but it is well recognized that the bonding involves 

transfer of non-bonding electrons of CO to incompletely filled orbitals 

of Cr to completely fill the 3d, 4s and 4p orbitals. 

Miedeaa has tried to cover much load with his prediction model. It is 

of course true that his predictions are very valuable in liquid alloy 

formation and also in solid alloy formation containing one transition 

metal, as long as there are enough experimental data available to ver

ify the model for certain groups of compounds. In the case of inter-

metallic compounds from elements of the transition series and in par

ticular Th, U and Pu It is questionable if Miedema's model is applic

able, since the difference between some experimental data and the es-

o 
timated AHf values is more than 50 per cent. 
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Table 5.1. Bonding properties of transition metals 

Element 

Zr 

Nb 

Mo 

Ru 

Rh 

Pd 

Hf 

Ta 

W 

Os 

Ir 

Pt 

Ac 

Th 

U 

Pu 

Electronic 
configuration 
in gaseous 

ground state 

4d25s2 

4d35s2 

4d55s 

4d?5s 

4d85s 

4dl0 

5d26d2 

5d36s2 

Sd^s 2 

5d66s2 

5d76s2 

5d96s 

6dl7s2 

5f°6d27s2 

5f36dl7s2 

5f66d°7s2 

Electronic 
configuration 
in metallic 

ground state 

4d35s 

4d'*5s 

4d55s 

4d65sp 

4 d 6 - 5 5 s p 1 > 5 

4 d 7 - 5 5 s p 1 - 5 

5d36s 

5d"»6s 

5d56s 

5d66sp 

5d6-56spl«5 

5 d 7 - 5 6 s p 1 - 5 

6d27s 

5f°6d37s 

5f 3 6d 2 7s 

5f 5 6d 2 7s 

Number of 
i bonding d 
electrons 
in solid 
state 

3 

4 

5 

4 

3.5 

2.5 

3 

4 

5 

4 

3.5 

2.5 

2 

3 

2 

2 

Melting 
point 

(K) 

2125 

2741 

2890 

2583 

2239 

1825 

2495 

3269 

3683 

3318 

2727 

2045 

1323 

2023 

1408 

913 

Sublimation 
enthalpy 
(kJ mol-1) 
[28,29,42] 

603.3 

730.1 

725.1 

650.2 

554.4 

375.7 

620.9 

782.0 

8S8.6 

788.3 

669.9 

563.6 

410.0 

597.9 

535.6 

347.3 

Promotion 
enthalpy 
(kJ mol-1) 
[2,23,11] 

59 

13 

0 

301 

464 

586 

167 

117 

38 

293 

498 

506 

110.0 

66.5 

74.9 

178.2 
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Table 5.2. Electronic configurations and promotion energies of Th, U 

and Pu [ll] 

1 

2 

3 

A 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1A 

15 

16 

17 

18 

19 

20 

Electronic 

configuration 

f"-3ds2 

fn"3d2s 

fn-3d3 

f^sp 
fn-5d*s 

fn"4ds2p 

f"-VsP 
fn~2dp 

f"-4d3p 

f"-2s2 

fn-4d2s2 

fn-3s2p 

fn_3dsp 

fn_4d3s 

fn~2ds 

f^vs 
fn"3d2p 

fn~2d2 

fn"2F2 

fn"3sp2 

Promoti 

thorium 

n = A 

93.3 

186.6 

(372) + 38 

(502) + 38 

-

128.9 

172.8 

(657) + 38 

259.8 

(335) + 38 

0.0 

220.5 

26A.0 

66.5 

(A6A) + 38 

-

(A6A) + A2 

(682) + A6 

(715) + 59 

(276) + 71 

on energy (kJ 

uranium 

n = 6 

0.0 

7A.9 

(251) + A6 

272.A 

(26A) + 59 

(289) + 13 

(297) + 13 

AC8.A 

(377) + 25 

8A.1 

137.7 

161.1 

17A.9 

(18A) + 13 

177.A 

(335) + 96 

(36A) 

(A06) + 38 

(A90) + 25 

(26A) + 63 

mol-1) 

plutonium 

n = 8 

75.3 

178.2 

(322) + 59 

185.A 

-

(561) + 25 

(611) + 13 

285.8 

(695) + 38 

0.0 

A31.0 

212.5 

2A8.9 

(506) + 13 

161.9 

-

(A56) + 25 

(372) j- 59 

(A31) + 25 

(360) + 59 

Values between brackets are estimates. 
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Table 5.3. Enthalpies of foraatlon of actinide-noble metal compounds 

Compound 

URu3 

URh3 

UPd3 

UOs2 

UIr2 

UIr3 

UPt3 

PuRu2 

PuRh3 

PuPd3 

PuOs2 

Pulr3 

PuPt3 

ThRu2 

ThRh3 

ThPd3 

ThOs2 

Thlr3 

ThPt3 

Estimated AH298.15 

(kJ raol-1) 

Brewer 

-138 

-306 

-556 

-172 

-364 

-490 

-452 

-226 

-301 

-385 

-331 

-439 

-431 

- 71 

-351 

-686 

-105 

-531 

-628 

Mledema 

-146 

-159 

-251 

-126 

-159 

-213 

-117 

-167 

-234 

-100 

-201 

-251 

-176 

-305 

-159 

-301 

Experimental 

AH298.15(kJ B o l" 1 ) 

-151 + 1 

-301 + 1 

-550 + 33 

-167 + 17 

-218 

-418 + 42 

- 96 

-151 

-335 

-105 

-314 

References 

43 

43 

44 

45 

45 

46 

47 

47 

48 

49 

49 
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Table 5.4. Enthalpies of formation of Zr, Nb, Hf and Ta - noble 

metal compounds 

Com

pound 

ZrRu2 

ZrRh3 

ZrPd3 

ZrOs2 

Zrlr3 

ZrPt3 

NbRu3 

NbRh3 

NbPd3 

NbOs 

Nblr2 

NbPt3 

HfRu2 

HfRh3 

HfPd3 

HfOs2 

Hflr3 

HfPt3 

TaRu 

TaRh3 

TaPd3 

TaOs 

Talr3 

TaPt3 

Estimated AH°9g 15 (kJ mol"
1) 

Brewer [29] 

-142 

-347 

-678 

-230 

-527 

-623 

-

-209 

-456 

-117 

-414 

-377 

-126 

-326 

-661 

-209 

-510 

-607 

-

-155 

-406 

- 63 

-360 

-326 

Watson [34] 

Bennett 

-189 

-265 

-325 

-175 

-389 

-475 

-158 

-183 

-186 

-102 

-289 

-308 

-193 

-277 

-348 

-172 

-396 

-496 

-114 

-219 

-244 

-109 

-316 

-364 

Mledema [5] 

-230 

-314 

-452 

-218 

-310 

-393 

-209 

-251 

-272 

-351 

-238 

Kaufman [37] 

Bernstein 

-197 

-293 

-285 

-197 

-276 

-285 

-180 

-167 

-155 

-167 

-167 

-205 

-293 

-285 

-201 

-285 

-276 

-113 

-167 

-167 

-113 

-167 

-167 

Experimental 

AH298.15 
(kJ mol-1) 

-180±13l) 

-360+382) 

-510±38 

-276±672) 

-393±422) 

-552±42 

-301±672) 

Ref. 

13 

38 

39 

38 

38 

39 

38 

) AG° at 1800 K. 

) Extrapolated values from measurements on Tllr3. 
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CHAPTER VI 

THE THERMOCHEMICAL PROPERTIES OF THE UMe3 COMPOUNDS 

(Me = Ru, Rh and Pd) 

VI.l. INTRODUCTION 

The tabulation of the thermochemical data of the UMe compounds will be 

presented in this chapter. Apart from the enthalpies of formation, 

given in chapter III and IV, the heat capacities and standard entropies 

of the UMe3 compounds are required to calculate the thermodynamic func

tions. Low-temperature heat capacities of the UMe. compounds have been 

measured from 5 to 350 K using adiabatic calorimetry by E.F. Westrum 

Jr. at the University of Michigan, Ann Arbor, United States. The cryo

genic calorimetric technique, using liquid hydrogen and helium as re

frigerants, has been described in detail elsewhere [1,2,3]. The experi

mental procedure consists of a careful measurement of the small, step

wise temperature rise caused in an insulated sample by an accurately 

measured energy input. The resulting heat capacity data of UPd3, URh 

and URu3 have already been published [3,4]. These heat capacity data 

are extrapolated to 0 K, applying the Debye theory, to determine the 

"third law" entropies towards 0 K. The heat capacities and standard 

entropies at 298.15 K for the UMe. compounds are shown in table 6.1. 

High-temperature enthalpy-increment values for the UMe3 compounds were 

measured from 390-890 K at The Netherlands Energy Research Foundation 

ECN, Petten. 

Measurements were made in a diphenyl ..her drop-calorimeter developed 

by Cordfunke et al. [5]. The procedures used will be described below. 

The combined results of the high and low-temperature heat-capacity data 

have been reported [3,4], 
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Table 6.1. Heat capacity and standard entropy of UMe3 compounds at 

298.15 K 

Compound 

URu3 

URh3 

UPd3 

Cp°(298.15 K)/J K-imol-1 

101.42 

103.05 

102.09 

S°(298.15 K)/J K-imol-1 

144.60 

152.26 

176.36 
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VI.2. HIGH-TEMPERATURE HEAT-CAPACITIES OF UMe3 COMPOUNDS
 a 

VI.2.1. Introduction 

The enthalpy Increments of the UMe3 compounds (Me = Pd, Rh, Ru) have 

not yet been measured before. Only estimated molai heat capacity equa

tions are reported for URh, and URu3 by 3arln et al. [6]. In this chap

ter the experimental determination of the enthalpy Increments of the 

UMe compounds In the temperature range 390-890 K will be described. 

VI.2.2. Experimental 

VI.2.2.1. Materials 

Starting materials for the preparation of the UMe compounds were pal

ladium, rhodium and ruthenium powders of high purity (99.99%, Johnson & 

Matthey Chemicals, Limited) and pure uranium nitride (UN). Before use, 

the platinum metal powders were dried in vacuum at 500 °C to remove 

adsorbed moisture. UPd , URh and URu, were prepared by heating mix

tures in the correct stoichiometric ratio's of UN and palladium, rho

dium and ruthenium at 1080 °C, 1100 "C and 1300 °C, respectively, as 

described in chapter II. 

The preparations were carried out in purified argon. Chemical analyses 

of UN and the UMe. compounds are given in table 6.2. 

For the preparations of the UMe, compounds a mass correction was made 

for the oxygen in UN. The X-ray diffraction patterns agree with pre

vious patterns [7,8]. 

The URh, and URu, samples were purified by washing in an acidic solu

tion (HN03/H_0*1) to remove U0,. The UMe3 compounds may be rich in Me, 

due to a higher oxyge: content In UN than determined by the chemical 

analysis. 

a This chapter has in part been submitted for publication as: 
Thermodynamics of Uranium Intermetallic Compounds: 
I. Heat capacities of URu. and URh, from 5 to 850 K and 
II. Heat capacities of UPd from 8 to 850 K, in The Journal of 
Chemical Thermodynamics, by E.H.P. Cordfunke; R.P. Muls; G. Wijbenga; 
R. Bur., lei; M.W.K. To; H. Zalnel and E.F. West rum Jr. 
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Table 6.2. Analytical results for UPd3, URh3, URu3 and UN, mass 

fraction w. 

compound 

UN 

UPd3 

URh3 

URu3 

102 w (U) 
found calculated 

94.38 94.44 

42.48 42.72 

- * 43.54 

- * 43.98 

102 w (Pd.Rh.Ru) 
found calculated 

57.27 57.28 

56.46 

56.02 

102 w (0) 

0.128 

0.066 

0.062 

102 w (N) 
found calculated 

5.41 5.557 

0.014 

102 w (C) 

0.013 

0.021 

0.030 

* URh3 and URu3 are Insoluble In acidic solutions, such as HCl, HN03 and 

HjSO,,. 

For the drop-calortmetric studies, spherical vitreous silica ampoules 

with a 0.6 mm wall thickness and 20 mm diameter were used to contain 

the samples. The ampoules were about 4.2 cm3 In volume, and weighed 1 

to 1.5 g empty. For loading purposes, each ampoule was fitted with a 

filling tube sealed with a stopcock. 

VI.2.2.2. Description of the apparatus 

The drop-calorimetric system was an Improved version of the diphenyl 

ether calorimeter developed by Cordfunke et al. [5]. The basic compon

ents of the system are: 

a. a well-stirred, thermostatted water jacket held at the melting point 

of diphenyl ether to keep solid and liquid diphenyl ether In equi

librium. The temperature was controlled at 26.910 ± 0.002 °C, 

b. a furnace with an alundum core heated with kanthal windings, 

c. a copper diaphragm to isolate the calorimeter from the furnace ex

cept during a drop experiment, and 

d. a drop mechanism for transfer of the ampoule from the furnace to the 

calorimeter. 

Both the calorimeter and furnace were operated under a 100 mm argon 

pressure to Improve conduction. Temperature measurements in the furnace 

were made with Pt,Pt/10% Rh thermocouples to ± 0.1 K. These were cali

brated according to the NBS-procedure [9]. 
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VI-2.2.3. Procedure 

Heat from the sample and ampoule, when dropped Into the calorimeter, 

melted solid dlphenyl ether In equilibrium with Its liquid in a closed 

system. The resulting volume increase of the ether is determined by 

weighing the displaced mercury. The initial and final period can be 

considered as straight lines. The relation of heat imput to mass of 

mercury, resulting from the volume change cf the diphenyl ether, is a 

constant for the apparatus. The energy equivalent of the calorimeter 

was determined by means of calibrations with spherical pieces of 

a-quartz of which ;he enthalpies were taken from the JANAF tables [lO], 

A calibration factor of (79.977 i 0.063) Jg_1Hg was obtained. 

The displaced mercury was weighed, and corrections were made for heat 

input from the surroundings by measuring the height difference of mer

cury in the capillary during the experiment. For the correction of 

the mercury weight, the final period has to be extrapolated to the time 

the sample felt into the calorimeter. The corrected amount of mercury 

thus obtained is a measure for the change in enthalpy |H(T) - H(T')} In 

cooling from the furnace temperature (T) to the calorimeter temperature 

(T'). 

A correction was made for (T'-298.15 K), using the Cp value at 298.15 K. 

The enthalpy increment of the quartz glas was determined in a series of 

drops [5], and can be represented as a function of temperature by the 

polynomial: 

(H°(T) - H°(298.15 K)}/Jmol"1 = 14.779 (T/K) + 

1.3118 x 10"3 (T/K)2 + 5.1719 x 10 + 5 (T/K)"1 - 6258 

The difference between the values of (H°(T) - H°(298.15 K)} for loaded 

and empty quartz glass ampoules can then be calculated after a correc

tion for (T'-298.15 K). 

As a check on the accuracy of the calorimetr^c system the enthalpy of 

a-Al-O- synthetic sapphire (National Bureau of Standards, Standard 

Reference Material 720) was determined. The results agreed with the 

certificate value [ll] to within 0.25 per cent. 

The UMe compounds were weighed Into the silica ampoules In a glove box 

filled with flowing high-purity argon, and sealed outside the glove 

box. The ampoules contained argon at 0.1 atm pressure. In our experi

ments more than 85 percent of the measured heat was due to the sample. 
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VI.2.3. Results 

UPd3 

The experimental enthalpy increments for UPd3 are given in table 6.3. 

The molar enthalpies for UPd, can be represented over the temperature 

range 298.15 to 875 K, with the following polynomial: 

{H°(T) - H°(298.15 K)}/Jmol-1 = 98.6872 (T/K) + 

5.70572 x lO-3 (T/K)2 - 29930.7 (6-1) 

This polynomial was constrained to apply to 298.15 X, in other words, 

H - H 9 ,,. = 0 at T = 298.15 K and Cp = Cp(298.15 K) . This constraint 

was also applied to the results for URh. and URu,. The enthalpies, 

calculated from equation (6-1), are given in table 6.3. 

C?h3 

For URh, the experimental enthalpy increment results are given in table 

6.4. Measurements were made in the temperature range 423 to 842 K. The 

following equation represents the results over the range 298.15 -

842 K: 

(H°(T) - H°(298.15 K)}/Jmol"1 - 104.2824 (T/K) + 

9.20145 x 10-3 (T/K)2 + 597098.6 (T/K)-1 - 33912.6 (6-2) 

URu3 

The experimental results for URu, cover the temperature range 406-890 K 

(see table 6.5.). The results can be represented by the following equa

tion: 

{H°(T) - H°(298.15 K)}Jmol"l - 101.2273 (T/K) + 

9.22739 x 10-3 (T/K)
2 + 471997.0 (T/K)"1 - 32580.8 (6-3) 

Previous determinations of the high temperature enthalpy-increments of 

the UMe, compounds are not available. 

Values of the smoothed thermodynamic properties as derived from the 

fitted polynomial expressions have been presented elsewhere [3,4]. 

The heat capacity curves of the UMe, compounds obtained from the com

bined high and low-temperature experimental data are shown in fig. 6.1. 
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Table 6.3. Enthalpy increments of UPd3 

T H°(T) - H°(29P.15 K) 1006 % 

J mol-1 measured 

measured calculated 

392.0 

435.0 

443.5 

451.1 

536.8 

595.8 

660.6 

697.9 

740.8 

780.3 

812.4 

874.6 

9b20 

14035 

14924 

15805 

24619 

30752 

37694 

41660 

46388 

50518 

54020 

60814 

9631 

14078 

14959 

15748 

24689 

30893 

37752 

41722 

46308 

50549 

54009 

60746 

.114 

.306 

.235 

.361 

.284 

.459 

.154 

.149 

.172 

.061 

.020 

.112 

1) The mass of Che empty quartz ampoule was 1.49 g. The ampoule con

tained 14.65 g of UPd3 (M =* 557.229 g mol*
1). 

2) If H°(T) - R°(298.15 K) » H, then 6 - | ^ 3 o r e d - Hcalculated|. 

3) The standard deviation of the calculated results from the experi

mental values is 74.9 J mol'1, and the enthalpies have an uncertain

ty of 0.27 per cent. The differences between the experimental and 

the computed enthalpies did not exceed 0.462. 

4) A correction was made for the difference between the final calori

meter temperature and the standard reference temperature, 298.15 K, 

using Cp (298.15 K). 
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Table 6.4. Enthalpy increments of URh 

T H°(T) - H°(298.15 K) 1006 z 

J mol-* measured 

measured calculated 

423.7 

465.2 

496.6 

528.6 

576-6 

627.0 

674.9 

717.6 

772.4 

842.0 

13393 

17945 

21376 

24941 

30305 

36116 

41430 

46447 

52827 

61216 

13333 

17874 

21346 

24912 

30311 

36042 

41543 

46491 

52898 

61126 

.448 

.396 

.140 

.116 

.020 

.205 

.273 

.095 

.134 

.147 

1) The mass of the empty quartz ampoule was 1.477 g. The ampoule con

tained 12.417 g of URh3 (M = 546.746 g mol"
1). 

2) The standard deviation of the calculated results from the experi

mental values is 83.7 J mol-1. The enthalpies have an uncertainty of 

0.30 per cent. The largest difference between the experimental and 

computed enthalpies was 0.45Z. 
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Table 6.5. Enthalpy Increments of URu 

T H°(T) - H°(298.15 K) 1006 % 

J mol-1 measured 

measured calculated 

406.0 

427.8 

451.5 

481.4 

607.1 

629.9 

662.9 

711.8 

746.4 

764.3 

821.1 

889.7 

11217 

13569 

16113 

19267 

33083 

35493 

39300 

44693 

48844 

50869 

57229 

65350 

11201 

13516 

16050 

19269 

33053 

35593 

39290 

44811 

48748 

50795 

57333 

65316 

.143 

.391 

.391 

.010 

.091 

.282 

.025 

.264 

.197 

.145 

.182 

.052 

The mass of two empty quartz ampoules was 1.6507 g and 1.2702 g, re

spectively. The ampoules contained 12.8615 g and 17.4818 g of URu3, 

respectively (M - 541.239 g mol"1). 

The standard deviation of the calculated results from the experimental 

values is 80.7 J mol-1. The enthalpies have an uncertainty of 0.25 per 

cent. The largest difference between the experimental and computed 

enthalpies was 0.39%. 
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These curves show normal behaviour in URtu and ORu,, and a smooth con

tinuity in the low and high-temperature measurements at 298.15 K. 

In the heat capacity curve of UPd,, anomalies are found below 8 K; this 

will be discussed in a separate paper [4j. A thorough discussion of 

both therraophysical and thermochemical aspects has also been given 

elsewhere [3,4]. 
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VI.3. THE THERMODYNAMIC FUNCTIONS OF UPdj, URh3 AND URUj. 

VI.3.1. The tabulation of the thermochemlcal data 

The tables In this part of the thesis give the heat capacities (molar 

heats), entropies, enthalpy increments, enthalpies of formation and 

Gibbs energies of formation of the intermetalllc UMe, coapounds In the 

temperature range: 298.15 - 1200 K at 100 K intervals. 

The calculation procedure has been as follows. The enthalpy Increment 

polynomial (see chapter VI.2.) can be represented by: 

T 
H°(T) - H°(298.15) = aT + bT2 + cT _ 1 + d =• ƒ C dT 

298.15 p 

Using this formula, the heat capacity will be: 

C° " a + 2bT - cT "2 

P 

The entropies in the tables were calculated following the relation: 

T C 
S°(T) = S°(298.15) + ƒ ^ dT 

298.15 

or 

T 
S°(T) - S°(298.15) + [alnT + 2bT + ^cT " 2 ] 2 9 8 # 1 5 

The values for AH° (UMe3, 298.15 K) have been reported In this thesis. 
o o 

To calculate AHf(T) and AGf(T) a "third law" analysis was performed for 

temperatures form 298.15 - 1200 K at 100 K intervals. 

Thermodynamic data for (H°(T) - H°(298.15)} and S°(T) of URu3 [3], URh3 

[3], UPd3 [4], o-U in the standard state [l2], Ru [6], Rh [6] and Pd 

[6] were used to calculate A{H (T) - H (298.15)} and AS (T) for the 

reaction: 

U(c) + 3Me(c) -#• UMe3(c) 

The enthalpies of formation of the UMe3 compounds at different tempera

tures were calculated using: 
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AH°XT) - AHf(298.15 K) • A{H<VT) - H°(298.l5 K)} 

The Gibbs energies of formation of the UMe, coapounds at different 

temperatures ««ere calculated according to: 

AGj(T) - AH°(T) - TAS°(T) 

The expression for the "third law" equation thus is: 

T 
AG°(T) « AH°(298.15 K) + ƒ AC dT 

f f 298.15 P 

T AC 
- T[AS°(298.15 K) + ƒ -=£ dT] (6-4) 

298.15 

The thermodynamic functions of the three UMe3 compounds calculated with 

equations (6-1), (6-2), (6-3) and (6-4) are given In tables 6.6., 6.7. 

and 6.6. It was found that at 298.15 K C°(URh-.) was greater than 
P * 

Cp(UPd3), which was in turn greater than C°(URu3). 
For URh and URu oolar heat equations have been estimated by Barin 

et al. [6]. There Is a reasonable agreement between our values for 
O O r 1 

C (URu3) and S (URhj), and the estimated values by Barin et al. [6J; 

the differences remain within 3 percent in the temperature range 

298.15 - 1200 K. For the other functions, the agreement is poor. 

The heat capacities at 298.15 K can also be compared with predictions 

of the heat capacities of the UMe, compounds calculated from the heat 

capacities of the elements [13]. For U + 3Me = UMe3 Barin et al. [6] 
have assumed that: C°(U) + 3C°(Me) * C°(UMe.) i.e., that AC - o. 

p p p 3 p 

Comparison with our experimental results show that AC Is not equal to 

zero, AC (UPd,) being the largest of the three compounds. Another in-
r o 

teresting phenomenon is the function AS (UMe,), which has been shown in 
table 6.9. at 400 K, 800 K and 1200 K. The AS_ values do not deviate 

much from zero which is common in the formation of lntermetalllc 

compounds, since there are no gasses involved in the reactions. 

As a result the AG (UMe3) function does change relatively slowly as a 

function of the temperature. The change in AGf(UPd3) in the temperature 

range 298.15 - 1200 K is not more than 1 percent of AG° ^ (UPd,), 
f,298.15 3 

and the change in AGf(URu3) in the temperature range 298.15 - 1200 K is 

about 4 percent of AG. -QO .. (URu,). 
I,/70.15 3 
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Table 6 . 6 . TheraodynMtc functions of I'M 

C° S° H°(T) - H°C298.15) AH* !.G° 
T p * I 

K J K_1nol_1 J K^nol-1 kJ «ol-1 kJ «nl-1 kJ no!-1 

298 102.09 176.36 o.OO - 550.00 - 553.76 

300 102.11 176.99 0.19 - 550.00 - 55"?.79 

400 103.25 206.52 10.46 - 550.51 - 555.00 

500 104.39 229.68 20.84 - 551.29 - 556.02 

600 105.53 248.81 31.33 - 552.39 - 556.88 

700 106.63 265.17 41.94 - 553.82 - 557.51 

800 107.82 279.49 52.67 - 555.65 - 557.93 

900 108.96 292.25 63.51 - 557.93 - 558.06 

942 109.44 297.23 68.09 - 559.04 - 558.05 

942 109.44 297.23 68.09 - 561.83 - 558.05 

1000 110.10 303.79 74.46 - 563.13 - 557.79 

1049 110.65 309.07 79.87 - 564.24 - 557.50 

1049 110.66 309.07 79.*? - 569.OO - 557.50 

1100 111.24 314.34 85.53 - 569.93 - 556.92 

1200 112.38 324.07 96.71 - 571.78 - 555.65 
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Tabli 6 . 7 . Thermodynamic functions of URtu 

I 
K 

298 

300 

400 

500 

600 

700 

800 

900 

942 

942 

1000 

1049 

1049 

1100 

1200 

C° 
P 

J K-1mol-1 

103.05 

103.17 

107.91 

111.09 

113.67 

115.95 

118.07 

120.11 

120.95 

120.95 

122.09 

123.04 

123.04 

124.03 

125.95 

S° 

J K_1mol-1 

152.26 

152.89 

183.28 

207.72 

228.21 

245.91 

261.53 

275.55 

281.05 

281.05 

288.31 

294.17 

294.17 

300.0/-

310.91 

H°(T) - H°(298.15) 

kJ mol-1 

0.00 

0.19 

10.77 

21.72 

32.97 

44.45 

56.15 

68.06 

73.12 

73.12 

80.17 

86.17 

86.17 

92.47 

104.97 

AH° 

kJ mol"1 

- 301.16 

- 301.16 

- 301.11 

- 301.21 

- 301.60 

- 302.34 

- 303.53 

- 305.21 

- 306.07 

- 308.86 

- 309.82 

- 310.66 

- 315.42 

- 316.07 

- 317.39 

< 

kJ mol"1 

-

-

-

-

-

-

-

-

-

-

-

-

-

-
_ 

303.41 

303.42 

304.19 

304.95 

305.67 

306.29 

306.78 

307.09 

307.16 

307.16 

307.02 

306.85 

306.85 

3U&.44 

305.51 
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Table 6.8. Thermodynamic functions of URu^ 

I 
K 

298 

300 

400 

500 

600 

700 

800 

900 

942 

942 

1000 

1049 

1049 

1100 

1200 

C° 
P 

J K-1mol_1 

101.42 

101.52 

105.66 

108.57 

110.99 

113.18 

115.25 

117.25 

118.08 

118.08 

119.21 

120.16 

120.16 

121.14 

123.05 

S° 

J R^inol*1 

144-60 

145.23 

175.05 

198.95 

218.96 

236.24 

251.49 

265.18 

270.55 

270.55 

277.63 

283.36 

283.36 

289.09 

299.71 

H°(T) - H°(298.15) 

kJ mol*1 

0.00 

0.19 

10.56 

21.28 

32.26 

43.47 

54.89 

66.52 

71.46 

71.46 

78.34 

84.21 

84.21 

90.36 

102.57 

AH° 

kJ mol*1 

- 150.83 

- 150.83 

- 150.58 

- 150.34 

- 150.23 

- 150.39 

- 150.86 

- 151.74 

- 152.23 

- 155.03 

- 155.48 

- 155.87 

- 160.63 

- 160.80 

- 161.15 

AG° 

kJ mol-1 

- 153.45 

- 153.47 

- 154.38 

- 155.36 

- 156.37 

- 157.39 

- 158.37 

- 159.26 

- 159.60 

- 159.60 

- 159.87 

- 160.08 

- 160.08 

- 160.05 

- 159.95 
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Table 6.9. AS values of the UMe, compounds 

Compound 

URu, 

URh3 

UPd3 

AS°(400 K) 

J K_1mol_1 

+ 9.50 

+ 7.69 

+ 11.21 

AS°(800 K) 

J K^mol"1 

+ 9.39 

+ 4.07 

+ 2.85 

AS°(1200 K) 

J K^mol-1 

- 1.00 

- 9.90 

- 13.44 
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VI.4. PLUTONIUM ENRICHMENT IN (U,Pu)Me3 INCLUSIONS 

The knowledge, which is available now about the enthalpies and Gibbs 

energies of formation of the UMe3 compounds, can be applied to discuss 

some phenomena occuring In (U,Pu)02+x fuel. 

In table 6.10. the extrapolated values for AGf(UMe3) at 2000 K are 

given, using the data in the thermodynamic tables in chapter VI.3. 

Values for AG° (PuMe3) at 2000 K were estimates. * the AH°.. estim

ates from chapter V (&S° = 0 and AC° = 0, thus AH" „ - , = AG°(T)) . 

The results are summarized in table 6.10. 

Table 6.10. Gibbs energies of formation of UMe, and PuMe»-compounds 

Compound 

URu3 

URh3 

UPd3 

"PuRu3" 

PuRh3 

PuPd3 

AG°(2000 K)/kJmol_1 

- 159 

- 300 

- 548 

- 226 

- 301 

- 385 

In (UQ. 8 Pu0#2)02 fuel metallic Inclusions of the following composi

tion have been detected: 18 at % U, 8 at 7, Pu, I at % Ru, 15 at % Rh 

and 59 at T, Pd [l4]. It has already been pointed out in chapter I, that 

composition and structure cf these inclusions indicate solid solutions 

with the composition (U,Pu)M»3. It Is evident that the (U,Pu)Me3 

inclusions will be rich in palladium considering the results given in 

table 6.10., where the most negative Gibbs energies of formation are 

those for UPd3 and PuPdj at 2000 K. 

A simple thermochemical model can now be set up to predict the 

plutonium enrichment in (U,Pu)Me3, if It is assumed that the metallic 

inclusions consist of solid solutions of UMe3 and PuMe3 to give 

(U,Pu)Me3. The plutonium enrichment in this type of inclusions can then 

be calculated assuming ideal solid solution behaviour (AH_f 0). 
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In mixed-oxide fuel the following reaction may take place (see also 

chapter I): 

(U,Pu)02±x + 3 M e > (U,Pu)Me3 + (1 ± 0.5x)02 

This reaction will only take place If: 

AG°(U1_z,Puz)Me, < 

AGj(U1_y,Puy)02±x - (1 ± 0.5x)AGQ (6-8) 

To calculate AG°(U,_z,Puz)Me3 we take the composition of the (U,Pu)Me3 

solid solution, detected by Kleykamp In (UQ>8 PuQ )02 fuel [l4]: 18 at 

X U, 8 at X Pu, 1 at X Ru, 15 at X Rh and 59 at X Pd. This solid solu

tion thus contains 26 at X (U+Pu) and 75 at X Me. The U/(tl+Pu) ratio In 

the solid solution Is 0.69. The composition of (U,Pu)Me3 can be ex

pressed as: 

(U0.69 PuO.3lHRu0.O133 Rh0.20 Pd0.7867J3 

A further assumption will be made that the distribution of Me over 

uranium and plutonium Is equal. 

In the case of pure UMe, we can make the assumption that the solid 

solution as given above contains x, mol URu3, x2 mol URh, and x» mol 

UPd3, In which Xj, x2 and x3 are 0.0133, 0.20 and 0.7867, respectively. 

Using this composition, the results In table 6.10., and assuming Ideal 

solid solution behaviour of the UMe3 compounds (AH,,,̂  • 0Ï • have: 

AG°{UMe3,2000 K} - Xj AG°(URu3) + x2 AG°(URh3) 

+ x3 AG°(UPd3) - TAS m l x (6-5) 

Data about AH . are not available. In equation (6-5) AS . Is the 
mix mix 

entropy of mixing: 

AS , = - R Z n. In n. (6-6) 
mix l l 
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Thus quation (6-5): 

AS , * - R(x. In Xj + Xj In x2 + x3 In x3) 

Combination of equations (6-5) and (6-6) gives for the given composition: 

AG°{UMe3} - - 502.6 kJ mol"
1 

Using the Glbbs energy data for the PuMe3 coapounds in table 6.10. and 

equation (6-5) we find: 

AG°{PuMeJ.2000 K} * - 375.5 kJ mol 

The next step will be mixing of (1-z) {UMe3} and z{PuMe3}: 

AG°{(U1.C PuT)Me3} - (l-z)AG°{UMe3| + z AG°{PuMe3} - TAS^ 

with: 

ASalx - - R{l-z)ln(l-z) + z In z} (6-6) 

Both equations (6-6) and (6-7) are valid if 0 < z < 1. The value for 

ASaIx will have its maximum when z =• 0.5: - 5.76 JK-1 mol"1. 

According to equation (6-8) there will be formation of (Uj_z Puz)Me3 

when: 

(l-z)AG°(UMe3) + 2 AG°(PuMe3) - TASaJ < 

AG^Uj-y.Puy^i* -(l*0.5x) AGQ (6-9) 

(6-7) 
x 

AG°[(Uj_y Puy)02±x] can be calculated from AG. (- 742 kJ mol"1) 

and AG„ „ (- 688 1 
Pu02

 V 

chapter 1 we find: 

'1 
and AG (- 688 kJ mol-1) at 2000 K [l5]. By using equation (1-2) In 

AG°[(U0.8 Pufl )02] - - 740 kJ mol"* '0*8 "0_ 

AS is a function of z. For convenience we take the maximum value of mix 
ASmjx at 2 • 0.5, and corrections are applied for other values of z. 
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From (6-9) we calculate for z In the metallic (Uj_z Puz)Vie3 solid 

solution: 

or 

(1-z) - 502.6 + z(- 375.5) - TAS . < - 740 - AGA 

BIX OA 

- 225.4 - AG 
u2 

z < (6-10) 
127.1 

The resvlts have been presented In tables 6.11. and 6.12. and In fig. 

6.2. 

A (U,Pu)Me3 solid solution detected by Bratnman et al. [l6] In 

( U 0 - 5 PuQ , 5)0 2 fuel contained 16.1 at Z U, 8.4 at Z Pu, 3.7 at % 

Ru, 17.4 at Z Rh and 54.4 at Z Pd. The composition of this solid solu

tion can be expressed as: 

(U0.66 Pu0.3*>[RuO.<m9 Rh0-230 Pd0.72l]l 

The results for zPu in this solid solution have been calculated using 

equations: (6-5), (6-9) and (6-10) and have been presented between 

brackets in table 6.12. 

It can be concluded that the drlvi.-^ forces for the plutonium enrich

ment in the metallic (U,Pu)Me, Inclusions are the oxygen potential 

(AG ) in the fuel, and the d'.f f erende between AG {UMe,} and 

AG°{PuMe3}. 
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1984 1992 2 00 2 008 

O/U+Pu 

The upper part of the gr?oh shows the values for 

AG (U1_2Puz)Me3 as a function of the 0/(U+Pu) ratio for two 

different ü/(U+Pu) ratios In (U,Pu)02±x fuel (equation (6-8)). 

The lower part shows the value for z in the compound 

(Uj_zPuz)M*> as a function of the 0/(U+Pu) ratio for the same 

U/(U+Pu) r »s in mixed-oxide fuel (equation (6-10)). 
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Table 6 11 . Pu-enrichaent in (U,Pu)He3 inc lus ions in 

( U 0.8 ? u 0-2 ) O 2±x fMl' 

^G°((U0 , 

ft» aol 

'.* •* kJ • 

740 

740 

740 

740 

740 

740 

740 

740 

740 

740 

740 

740 

740 

740 

740 

740 

740 

p«0.2>°2^ 

~l) 
ol"1) 

0 
U+Pu 

ratio 

1.990 

1.992 

1.994 

1.995 

1.996 

1.997 

1.998 

1.999 

2.000 

2.001 

2.002 

2.003 

2.004 

2.005 

2.006 

2.008 

2.010 

°2 
[v.! nol-1] 

fig. 1-7. 

(± 4 

kJ «ol-1) 

381 

368 

356 

347 

339 

331 

318 

301 

272 

247 

230 

222 

209 

203 

197 

188 

180 

AG°(!',Pu)Me3 

[k.r .oi-n 

nore negative 

than 

- 359 

- 372 

- 384 

- 393 

- 401 

- 409 

- 422 

- 439 

- 468 

- 493 

- 510 

- 518 

- 531 

- 537 

- 543 

- 552 

- 560 

Pu-*nrichnent 

«n (!\»u)Me3 

0 - z ' 1 

z * 

-

-

0.96 

0.9O 

0.85 

0.8O 

0.71 

0.59 

0.36 

0.12 

-

-

-

-

-

-

-
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Table 6 .12 . Pu-enrichownt In (U,Pu)Mej Inclusions in 

<U0.8SP u0.I5>°2±x f « e l -

fiCC .Ü, „5 Pu0 ,^02) 

[kJ nol-1] 

(t 4 kJ TOl'1) 

C 
Ü+Pu 

ratio 

1.990 

1.992 

1.994 

1.995 

'.996 

1.997 

1.998 

1.999 

2.00C 

2.001 

2.002 

2.003 

2.004 

2.005 

2.006 

2 008 

2.010 

1 -, 1 
([k-I nol-1] 

\(± 

1" 
6 

• r i - 1 ; 

438 

425 

411 

403 

393 

385 

372 

351 

303 

269 

251 

240 

227 

219 

213 

202 

193 

&CV --""-Me, 

[kJ nol-1] 

•ore ue-ative 

tnan 

- 303 

- 316 

- 330 

- 338 

- 34P. 

- 356 

- 369 

- 390 

- 438 

- 472 

- 490 

- 501 

- 514 

- 522 

- 528 

- 539 

- 548 

\ 
7u-*nr i chaent 

in (U,?u)Ne3 

0 < x - I 

z 

-

-

-

-

-

-

-

0.92 (0.88) 

0.59 (0.51) 

0.32 (0.17) 

0.15 

0.04 

-

-

-

-

-
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SUMMARY 

The subject of this thesis is the determination of the thermodynamic 

properties of the interaetallic coapounds of uraniua with the light 

platinua aetals, rutheniua, rhodiua and palladium. These interaetallics 

are formed as very stable coapounds during fission in nuclear fuel by 

the reaction of the fission products Ru, Rh and Pd with the aatrix. In 

(U,Pu) aixed-oxide fuel, these fission products have been identified as 

(U,Pu)Me3 phases (Me » Pd.Rh.Ru), in which often plutoniua enrichment 

was found compared to the Pu/U ratio in the matrix. These phases do not 

dissolve during reprocessing, and cause plutonium losses as has been 

described in chapter I. 

Methods for the preparation of URu3, (JRh3 and l7Pd}, experiments showing 

the chemical reactivities of these compounds, and studies of the stoi-

chiometry of hexagonal UPd, by X-ray diffraction of solubility experi

ments of UN and palladium in UPd}, are described in chapter II. 

Thermodynamic properties of the UMe. compounds have been obtained using 

several experimental thermodynamic techniques: fluorine bomb calori-

metry, low-temperature cryogenic caloriaetry, high-teaperature drop 

calorimetry and EMF measurements of reversible cells. 

The fluorine bomb calorimetric technique is described in chapter III, 

followed by the determination of the enthalpies of formation of UF , 

UF}, Pd(PdF ) and UPd by fluorine bomb calorimetry and PF} reduction 

caloriaetry. 

In chapter IV the solid state EMF technique, using CaF, ** the electro

lyte, has been described. The Gibbs energies of formation of URh}, URu} 

and UF, have been determined using this technique. 

The Cibbs energies of formation of UF-, as obtained by EMF measurements, 

are coapared with AGf(UF.), calculated froa the caloriaetric values 

C (T), S° ,- and &H° ,e. It has been concluded that U,UF, electrod-p i"o.15 298-15 J 

es are not suitable as reference electrodes due to difficulties in 

deterainlng the activity of uraniua. 

In nuclear technology there is a need for reliable thermodynamic data 

on fission products involving plutoniua, such as PuMe, coapounds. In 

chapter V different models to predict the stabilities cf lntermetalltc 

coapounds involving transition aetals have been presented. A staple 

estiaation aodel was used, based on the Engel-Brewer theory and the 
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enthalpies of sublimation of pure metals in an intermetallic compound. 

Comparison of the experimental data for AHf(UMe_, c, 298.15 K) with 

estimates using this model showed excellent agreement. The model was 

able to predict the enthalpies of formation of the UMe, compounds to 

within 10 percent of the experimentally determined values. For this 

reason the model was also applied to predict the enthalpies of forma

tion of PuMe, and ThMe, compounds. The estimates for AH,(UMe3, c, 

298.15 K) of Miedema et al. appeared to be too positive compared with 

the experimental data. 

In chapter VI the tabulation of the thermochemical data of the UMe 

compounds is presented. The results of the low-temperature heat capa

city measurements from 5 to 350 K, using adiabatic cryogenic calorimet-

ry, have been combined with the high-temperature heat-capacity measure

ments of the UMe compounds, using diphenyl ether drop-calorimetry. The 

high-temperature heat capacity measurements have been described in 

chapter VI, and the enthalpy increments (H°(T) - H°(298.15 K)) of the 

UMe compounds have been expressed by polynomials. Using the enthalpy 

increment functions, the heat capacity and entropy function; can be 

calculated. 

The enthalpies of formation of URh, and URu. at 298.15 K have been 

calculated from a "third law" analysis of these measurements. Combining 

these data with the AH°(298.15 K) data of the UMe3 compounds, as deter

mined in this thesis, the AH.(T) and AGf(T) functions can be calcu

lated. 

Finally, a thermochemical model was set up to describe plutor.ium 

enrichment in (U,Pu)Me, inclusions as a function of the 0/(U + Pu) and 

the U/(U + Pu) ratio in oxide fuel. With this model it has been calcu

lated that a considerable plutonium enrichment occurs in (U,Pu)Me, in e 

narrow stoichiometry range in (U,Pu)0 + X fuel, close to 0/(U + Pu) - 2. 
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SAMENVATTING 

Dit proefschrift behandelt de bepaling van de thermodynamische eigen

schappen van de interaetallische verbindingen van uranium met de lichte 

platinametalen, ruthenium, rhodium en palladium. Deze Intermetallische 

verbindingen worden in een nucleaire snelle reactor als zeer stabiele 

vaste oplossingen tijdens splijting door middel van de reactie van de 

splijtingsproducten Ru, Rh en Pd met de splijtstofmatrix gevormd. In 

(ü,Pu)02 splijtstof werden deze splijtingsproducten geïdentificeerd als 

(U,Pu)Me3 fasen (Me • Pd,Rh,Ru), waarin dikwijls plutonlumverrijking 

werd gevonden in vergelijking met de Pu/U verhouding in de matrix. 

Deze fasen lossen niet op tijdens het opwerkingsproces van de splijt

stof, waardoor plutoniumverllezen optreden, zoals wordt beschreven In 

hoofdstuk I. 

Methoden voor de bereiding van URu3, URh3 en UPdj, experimenten ter 

bestudering van de chemische reactiviteit van deze verbindingen en van 

de stolchlometrie van hexagonaal UPd3 met r'öntgendlffraktle door middel 

van oplosbaarheids proeven van UN en palladium in UPd3, zijn beschreven 

in hoofdstuk II. 

De thermodynamische eigenschappen van de UMe3 verbindingen werden ver

kregen door gebruik te maken van verschillende thermodynamische tech

nieken: fluor bomcalorimetrle, lage-temperatuur cryogene calorlmetrie, 

hoge temperatuur valcalorlmetrie en EMK metingen aan reversibele gal

vanische cellen. De fluor bomcalorimetrische techniek wordt beschreven 

in hoofdstuk III, gevolgd door de bepaling van de vormlngsenthalpieën 

van UF^, UF3, Pd(PdFfi) en UPd3 met fluor bomcalorimetrle en PF3 reduc-

tiecalorimetrie. 

In hoofdstuk IV wordt de vaste-stof EMK-techniek, met CaF2 als electro-

liet, beschreven. De vrije vormlngsenthalpieën van URh3, URu3 en UF3 

werden bepaald door van deze techniek gebruik te maken. De vrije vor

mlngsenthalpieën van UF3, verkregen met EMK metingen, worden vergeleken 

met AG-(UF3), berekend met de calorlmetrlsche waarden C (T), S»-- .. en 

AH-o» ,e« Er wordt geconcludeerd dat ü,UF3 electroden niet geknikt 

zlIn als referentle-electroden omdat het moeilijk Is de activiteit van 

uranium precies te bepalen. 

In nucleaire technologie bestaat behoefte aan betrouwbare thermodyna

mische gegevens betreffende spiljtingsproducten die plutonium bevatten, 
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zoals PuMe3 verbindingen. In hoofdstuk V worden verschillende modellen 

besproken om de stabilltelten van intermetalllsche verbindingen, die 

betrekking hebben op de overgangsmetalen, te voorspellen. Een eenvoudig 

voorspellingsmodel werd gebruikt, gebaseerd op de Engel-Brewer theorie 

en de subllmatie-enthalpleën van de zuivere metalen in een intermetal

llsche verbinding. Vergelijking van de experimentele gegevens voor 

AH°(UMe3, c, 298.15 K) met schattingen die van dit model gebruik maken 

toont een goede overeenkomst aan. Het model is In staat de vormings-

enthalpieën van deze UMe3 verbindingen binnen 10 procent van de experi

menteel bepaalde waarden te voorspellen. Om deze reden werd het model 

ook gebruikt om de vormingsenthalpieën van PuMe3 en ThMe3 verbindingen 

te voorspellen. De schattingen van AH,(UMe3, c, 298.15 K) van Mledema 

et al. bleken te positief te -*i , vergeleken met de experimentele 

waarden. 

In hoofdstuk VI wordt de tabellering van de thermochemische gegevens 

van de UMe3 verbindingen gegeven. De resultaten van de lage-tempera.uur 

soortelijke warmte metingen van 5 tot 350 K met behulp van adiabatische 

cryogene calorlmetrle, werden gecombineerd met de hoge-temperatuur 

enthalpie-increment metingen van de Uhe3 verbindingen met behulp van 

diphenyl ether valcalorimetrle. 

De hoge-temperatuur enthalpie-increment metingen worden beschreven in 

hoofdstuk VI en de enthalpie-incrementen [H°(T) - H°(298.15 K)] van de 

UMe3 verbindingen worden beschreven mei. behulp van polynomen. De soor

telijke warmte en entropiefuncties kunnen direct uit de enthalple In

crement functies worden berekend. De vormingsenthalpieën van URh3 en 

URu3 bij 298.15 K werden met behulp van een "3^
e hoofdwet" analyse van 

de/e metingen be* jkend. Wanneer deze waarden gecombineerd worden met de 

AHf(298.15 K) waarden van de UMe3 verbindingen, zoals bepaald in dit 

proefschrift, kunnen de AH-(T) en de AG,(T) functies worden berekend. 

Tenslotte werd een thermochemlsch model opgezet om plutoniumverrij

king in (U,Pu)Me3 lislultsels te beschrijven als een functie van de 

0/(U+Pu) en de U/(U+Pu) verhouding In oxidische splijtstof. Met dit 

model werd berekend dat een aanzienlijke plutoniumverrijking kan 

plaatsvinden in (U,Pu)Me3 in een klein homogeniteltsgebled bij 0/(U+Pu) 

- 2 van de (U,Pu)02+x splijtstof. 
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LIST OF SYMBOLS 

Symbol Meaning Coaaon Units or Value 

a 

B 

bcc 

c 

D 

d 

E 

e 

F 

f 

fee 

AGJ 

AGf 

AGn 

Hü(298.15) 

H°(T)-H°(298.15) 

AH,. 

AH mix 

activity 

second virial coefflent ca3 mol" 

in an equation of state 

in the form: 

pV = A + Bp + Cp2 + Dp3 

body-centered cubic 

structure 

d-band center of gravity 

standard molar heat 

capacity at constant 

pressure 

standard molar heat 

capacity at constant 

volume 

concentration 

diffusion coefficient 

d orbltals or d electrons 

electromotive force (EMF) 

charge on electron 

Faraday's constant (*N.e) 

f orbltals or f electrons 

face-centered cubic 

structure 

standard Glbbs energy of J mol 

formation 

partial molar Gibbs energy J mol"1 

of formation 

oxygen potential In (U,Pu) J mol"1 

oxide fuel 

standard enthalpy at 25 "C J mol"1 

enthalpy increment J mol"1 

bonding enthalpy I mol"1 

enthalpy of mixing J mol"1 

eV 

J K_1 mol-1 

J K_1 mol-1 

mol dm"3 

2 -1 cm* sec l 

1.6C21982 . 10-19C 

96484.57 J V"1 eq"1 

-1 
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Meaning Coaaon Units or Value 

promotion enthalpy J aol"1 

enthalpy of sublimation J aol"1 

standard enthalpy of J aol"1 

formation 

hexagonal close-packed -

structure 

aolar aass sol 

«ass g 

d band electron count -

Avogadro constant 6.022045 . 1023 aol"1 

neutron -

sole fractions 

electron density d.u.(-102kg°-5ca"2-5) 

pressure kPa 

p orbltals or p electrons -

electronegativity V 

gas constant 8.3143 J K"1 aol"1 

standard entropy at 25 *C J K"1 aol"1 

entropy of alxlng J K"1 aol"1 

s orbital or s electrons 

absolute teaperature K, °C 

tlae sec(aln,hr) 

tlae at beginning or coa- sec(aln,hr) 

pletlon of reaction 

heat of coabustlon or J g"1 

heat of reduction 

standard heat of combustion J g"1 

volume c«3, or liters 

d bandwidth eV 

mass fraction -

fission products 

mole fractions 

energy equivalent of the J K"1 

calorimetric system 
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Symbol Meaning Coaaon Units or Value 

0 teaperature of caloriaeter K 

6 teaperature of theraostatted K 

jacket 

9 convergence teaperature K 

A9 corrected teaperature rise K 

In caloriaetrlc experiaent 

u coefficient In an equation k Pa-1 

of state in the fora: 

pV - n RT(l-np), 

u - - B/RT 

v aaount of neutrons (about -

2.5) during fission of U 

and Pu 

p density g ca~3 

o total conductivity oha-1 ca"1 

a electronic conduction oha-1 cm-1 

e 


