Journal of Nuclear Materials 393 (2009) 267-281

journal homepage: www.elsevier.com/locate/jnucmat

Contents lists available at ScienceDirect

Journal of Nuclear Materials

Journal of
Nuclear Malerials
o s

Thermodynamic investigations of ThO,-UO, solid solutions

Smruti Dash *, S.C. Parida, Ziley Singh, B.K. Sen, V. Venugopal

Product Development Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400 085, India

ARTICLE INFO ABSTRACT

Article history:
Received 18 March 2009
Accepted 15 June 2009

Heat capacities and enthalpy increments of solid solutions Thy_,U,0,(s) (y =0.0196, 0.0392, 0.0588,
0.098, 0.1964) and Simfuel (y=0.0196) were measured by using a differential scanning calorimeter
and a high temperature drop calorimeter. The heat capacities were measured in two temperature ranges:

127-305 K and 305-845 K and enthalpy increments were determined in the temperature range 891-
1698 K. A heat capacity expression as a function of uranium content y and temperature and a set of
self-consistent thermodynamic functions for Th;_,U,0,(s) were computed from present work and the lit-
erature data. The oxygen potentials of Thy_,U,0,.(s) have been calculated and expressed as a polynomial
functions of uranium content y, excess oxygen x and temperature T. The phase diagram, oxygen potential
diagram of thorium-uranium-oxygen system and major vapour species over urania thoria mixed oxide
have been computed using FactSage code.

© 2009 Published by Elsevier B.V.

1. Introduction

The Indian nuclear energy programme aims at large scale utili-
zation of thorium for the sustained production of electricity in the
country because of its limited uranium and vast thorium reserves
[1,2]. India has a very ambitious power programme to utilize its
thorium reserves in the Advanced Heavy Water Reactor (AHWR)
[3,4]. The advantage of thoria based fuels is that fissile 23U pro-
duced is burnt in the same reactor and the fissile content of the
reactor increases with the time. The driver fuel of AHWR will be
in the form ThO,-2-3 wt% UO, and ThO,-3-4 wt% PuO, solid solu-
tions. To predict the performance of thoria based fuel or to generate
a computer code for predicting in pile fuel behaviour, knowledge of
thermophysical and thermodynamic properties such that heat
capacity, thermal conductivity and thermal expansion, oxygen po-
tential and vaporization behaviour of fuel material database is ut-
most important. The temperature of nuclear fuel is controlled by
its specific heat capacity as well as thermal conductivity. Heat
capacity can also be used for the calculation of thermal conductivity
from thermal diffusivity. The oxygen potential of an oxide fuel
material plays a key role in determining the mechanism of fuel clad
chemical interaction. For any change in the oxygen potential close
to stoichiometry, has a significant effect on the value of x in the
mixed oxide Th;_,U,0,.(s) fuel. It is therefore important to know
the oxygen potential of the stoichiometric oxide. The knowledge
of vaporization behaviour of fuel material gives information about
various mass transport phenomenons in the fuel. The literature sur-
vey [5-29] on ThO,-UO, system shows that enthalpy increments
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data [6-11], heat capacity [10], oxygen potential data [12-21],
vaporization behaviour [22-24], thermal conductivity [25-28],
thermal expansion [28,29] of thoria—urania mixed oxide solid solu-
tions exist over a limited composition and temperature ranges.
However, direct experimental heat capacity measurements for tho-
ria rich (less than 10 mol% of urania) and oxygen potential mea-
surements on stoichiometric mixed oxides Th;_,U,O,(s) have not
been reported. In this study, heat capacity, enthalpy increments
of Thy_,U,0(s) (y=0.0196, 0.0392, 0.0588, 0.098, 0.1964) have
been determined using DSC-131 and Multi HTC 96, supplied by
SETARAM Instrumentation, France. Studies on Th;_,U,0(s)
(y=0.0196, 0.0392, 0.0588, 0.098, 0.1964) have been taken up con-
sidering higher use of 223U0, in the future thoria based fuels. The
specific heat capacity was also measured for 4 at.% burn up
Tho 9804U0.019602 Simfuel. The phase diagram, oxygen potential dia-
gram and major vapour species over mixed oxide have been com-
puted using FactSage code [30]. A set of self-consistent
thermodynamic functions for Th;_,U,0,(s) (y=0.0196, 0.0392,
0.0588, 0.098, 0.1964) has been computed from the present work
and that from experimental data reported in the literature.

2. Experimental
2.1. Material preparation

Th;_,U,0(s) containing 0.0196, 0.0392, 0.0588, 0.098, 0.1964
mole% of UO,(s) were prepared by mixing 2, 4, 6, 10 and 20 wt%
of UOy(s), respectively, with ThO,(s) and co-milled. ThO,(s) (total
impurity < 1000 ppm) and UO,(s) (total impurity < 400 ppm) were
used for mixed oxide preparation. Progressive milling technique
was used for better homogeneity. The milled powers were
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compacted at 300 MPa. The green pellets were sintered at 1923 K
for 4h in a molybdenum resistance furnace under flowing
Ny(g) + 8%Hy(g). X-ray diffraction patterns of the materials thus
prepared indicated homogeneous ThO,-UO, solid solutions. For
preparation of 4at.% burn up Simfuel (y=0.0196), computed
amount of oxides of Ba, Sr, Ce, Zr, Mo, Ru, Y, La and Nd were added
to required UO,-ThO, mixed oxide.

2.2. Differential scanning calorimeter

Heat capacity measurements were carried out using a heat flux
type differential scanning calorimeter, DSC-131 supplied by SETA-
RAM Instrumentation, France. In this technique, the change of the
difference in the heat flow rate to the sample and an inert refer-
ence material is measured. The sample and reference crucibles
are positioned symmetrically to the centre on a plate shaped
DSC-131 transducer. Transducer and DSC crucibles are enclosed
in a small cylindrical silver furnace which dissipates heat to the
crucibles. When the furnace is heated, heat flows through the
DSC transducer to the crucibles, in an ideal situation same amount
of heat flows into the sample and reference crucibles. A differential
signal is generated due to different heat flux to sample and refer-
ence. This differential temperature signal is proportional to the
heat flow rate measured in the form of electrical potential differ-
ence that is calibrated using NIST reference materials. The temper-
ature and heat calibrations were carried out using phase transition
temperatures and transition heats of same NIST reference materi-
als [31].

2.3. Heat capacity measurements

The detailed experimental procedure adopted has been de-
scribed earlier [31]. In DSC-131, heat capacities of Th;_,U,0x(s)
(y=0, 0.0196, 0.0392, 0.0588, 0.098, 0.1964) and Simfuel were
measured in two different modes (i) continuous (low temperature)
and (ii) step mode (high temperature). In the continuous mode,
temperature was increased continuously from 126 K to 305 K.
However, in the step mode, the whole temperature range from
room temperature to 863 K was divided into 14 equal intervals
with steps of 40 K. Stability time of 600 s was given in each step
up to maximum temperature. In both the methods, the molar heat
capacities were measured with identical experimental conditions
in the three runs. In the first run, two empty identical aluminum
crucibles of identical masses and 10~* dm? capacity with covering
lid were kept in the sample and reference cells and the heat flow
versus temperature were recorded. In the second run, the heat flow
versus temperature were recorded by loading NIST synthetic sap-
phire (SRM-720) in the powder form (~200 mg) into the aluminum
crucible in the sample cell keeping the crucible in the reference cell
empty. In the third run, heat flow versus temperature were mea-
sured by loading the actual experimental sample (~200 mg) in
the powder form into the aluminum crucible in the sample side
and keeping the crucible in the reference side empty. In all the
three sets of experiments, high purity argon as a carrier gas with
the flow rate of 3 dm>® h™! and furnace heating rate of 5 K min™!
were maintained. Helium was used as carrier gas for low temper-
ature heat capacity measurements. At least three runs were carried
out for each sample at each temperature.

2.4. Multi-detector high temperature calorimeter

The heat contents corresponding to the enthalpy increments
from ambient temperature to the respective temperature of a given
run were determined using SETARAM multi-detector high tempera-
ture calorimeter (MHTC-96) operating in drop mode. The tubular
calorimeter consists of a working chamber with volume 5.3 cm®

with the inserted Pt-crucible and an empty reference chamber posi-
tioned vertically below. Twenty-eight thermocouples covering the
whole surface and providing an integrated heat exchange at the out-
put signal. Platinum crucible is centered in a gas-tight Al,03(s) tube
placed in the furnace heated by a graphite resistance element. All
measurements were performed in flowing high purity argon. The
sample and reference materials are arranged alternatively in the
feeding chamber and equilibrated at ambient temperature that is
measured prior to each drop. In the meantime, the detector is main-
tained at a given temperature and the samples are dropped from the
feeding chamber into the working chamber of the sensor. Sufficient
time was given for stabilization of both the temperature and heat
flux. The heat flux ¢ in volts is monitored as a function of time 1 in
seconds and the peak area [¢dt (after subtracting a base line ¢g)
associated with each drop corresponds to the respective enthalpy
increments. From the reference material drops, the actual instru-
ment sensitivity can be determined as:
S— f((/;R - d)B)d‘C.%
T, CopdT

where ¢g, ¢p, T, and Ty, are measured heat flux of the reference and
blank and the ambient and measurement temperature, respectively,
the latter being evaluated as an average from the values taken in a
steady state before and after the drop, mg and My are the reference
material mass and molar mass, respectively, C, stands for molar
heat capacity of the reference material. The enthalpy increment cor-
responding to heating the sample material from T, to T, is given by

(1)

H:,(T) - Hy, (298.15K) = /%}:’T-Ms 2

where ¢; is the measured heat flux of the sample.
2.5. Measurement of enthalpy increments

The calorimeter was calibrated by dropping samples of syn-
thetic sapphire (SRM 720) suppliled by NIST, USA. In a typical
experiment at a given temperature, mixed oxide solid solutions
and Al,03(s), maintained at the ambient temperature were
dropped, alternatively, into the calorimeter maintained at required
temperature.

3. Results
3.1. Heat capacity using DSC

The heat capacities of pure ThO,(s) are measured in the temper-
ature range 318-836 K and are given in Table 1, which includes a
comparison to the literature values [32]. The heat capacities of
Th;_,U,0,(s) and Simfuel are determined in two different temper-
ature ranges: (i) 126-305 K and (ii) 304-846 K and are given in Ta-
bles 2-7. These tables also include a comparison of computed heat
capacity vales of {1 — y(ThOy(s)) + yUO,(s)} [32]. The errors in the
heat capacity measurements are within 3% [31].

3.2. Low temperature heat capacity

The heat capacity values for Th;_,U,0, and Simfuel (y = 0.0196),
given in Tables 2-7, are best least-squares fitted into the following
expressions:

Tho.9804U0.019602(S)

o -1 -1 -3 2
Cym JK " mol ") = —460.08 +2.9205 - (T/K) —6.09 x 10~ - (T /K)
+4.367 x 10°® (T/K)* +9.349 x 10° - (K/T)*
—7.566x10° - (K/T)® (127 <T/K<304),
3)
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Table 1
Enthalpy increment and heat capacity data for ThO(s).
High temperature heat capacity data H; (T) — Hp,(298.15 K) data Comparisons of heat capacity data
T/K € m(T)/J K~! mol ™! T/K AHhgs Jmol ) Exp  T/K Com(TM/J K mol™ Fit® ¢ (T)/J K~ mol ™' Ref. [30]  AC; (T)/J K" mol™'
318.4 62.65 891.7 42 417 300 61.07 61.92 -0.8
357.4 65.31 941.6 46317 400  67.17 67.69 —-0.5
396.9 67.12 1041.5 54 084 500 70.41 70.74 -0.3
436.9 68.30 1141.1 61933 600 72.53 72.74 -0.2
476.7 69.70 1191.6 65952 700 74.11 74.24 -0.1
516.4 70.80 1241.4 69 938 800 75.40 75.48 -0.1
556.2 71.71 1341.1 77 995 900 76.53 76.59 —0.1
596.0 72.47 1390.7 82037 1000 77.56 77.61 0.0
635.9 73.13 14914 90317 1100  78.53 78.58 -0.1
675.8 73.70 1539.4 94 294 1200 79.44 79.53 —0.1
715.8 74.22 1589.1 98 449 1300 80.33 80.45 —0.1
755.8 74.69 1639.4 102 508 1400  81.19 81.37 -0.2
795.8 75.12 1690.2 106 719 1500 82.03 82.29 -0.3
835.9 75.52 1600 82.86 83.21 -0.3
1700 83.68 84.14 -0.5

AHlgg = H2,(T) — H, (298.15 K), *cp =combined fit of heat capacity data obtained in this study (Table 8), AC},(T)=Cpp(ThiyUy0y,s,T) —{(1~y)
Com(ThO2,s,T) +yC; 1, (UO2,s,T)}.

Table 2
Heat capacity and enthalpy increment data for Thg 9g04U0.019602(S)-
Low temperature heat capacity data High temperature heat  H; (T) — H;,(298.15 K) Comparisons of heat capacity data
capacity data data

T/K Gm(/ T/K Com(D) T/K Com(T) T/K AHY Exp  TIK Gom(T) Com(T) K 'mol™")  AC;,.(T)

JK"mol ! (K" mol™1) (JK ' mol™1) (J mol~) (K 'mol ') Fit®  Ref. [30] (K 'mol™)
127.0 32.14 2436 58.35 303.6 62.06 890.9 42 572 300 61.69 61.96 -0.3
1342 3837 2535 58091 318.3 63.15 940.8 46 640 400 67.82 67.80 0.0
141.7 4349 2585 59.66 357.3 65.06 990.2 50 240 500 71.02 70.87 0.1
149.2 4748 264.5 60.04 396.8 67.60 1039.9 54333 600 73.06 72.86 0.2
156.7 49.36 2722  60.78 436.8 69.58 1089.9 57 999 700 74.55 74.35 0.2
1643 5048 280.0 61.23 476.6 70.94 1139.8 62 131 800 75.76 75.59 0.2
171.8 51.23 2878 61.43 516.2 71.62 1189.3 65819 900 76.79 76.69 0.1
177.0 52.36 2956 61.84 556.1 72.55 1239.1 69 975 1000 77.73 77.71 0.0
1844 53.11 303.6 62.06 595.9 73.35 1288.7 73 740 1100 78.59 78.68 -0.1
1948 53.85 635.8 73.97 1389.3 82200 1200 79.40 79.64 -0.2
2025 54.78 675.7 74.34 1488.5 89999 1300 80.19 80.58 —-0.4
2089 55.72 715.7 74.78 1588.2 98 370 1400 80.95 81.52 —0.6
2164 56.66 755.7 75.06 1688.0 106 636 1500 81.69 82.46 -0.8
2256 56.85 795.7 75.27 1600 82.42 83.41 -1.0
2334 576 835.8 75.64 1700 83.14 84.38 -1.2

AHlgg = H2, (T) — H,(298.15 K, *cp=combined fit of heat capacity data obtained in this study (Table 8), AC;,\(T) = C;p(Thi_yUy02,5,T) — {(1 —¥)Cp 1y (ThO2, s, T)+
¥Cpm(UOz,s, T}

Table 3
Heat capacity and enthalpy increment data for Thg gs0sU0.039202(S).
Low temperature heat capacity data High temperature heat capacity data H; (T) — Hp,(298.15K)  Comparisons of heat capacity data
data
TR Cym(T) K Gm(T) K Gm(T) K Gm(T) T/K AHlgg TK  Com(T) Com(T) AC,m(T)
(K 'mol™1) (K ' mol™?) (K 'mol™) (JK 'mol™) Exp/] mol~! (K 'mol™) (K 'mol™! (JK!mol!)
Fit P Ref.[30]
126.8 32.58 217.7 5592 305.0 59.41 5844 71.22 900.5 42756 300 59.41 61.99 -2.6
1325 37.93 2239 56.52 307.4 60.23 6045 71.28 951.0 46674 400 65.78 67.91 -2.1
1385 41.79 230.1 56.52 326.7 61.83 6244 71.78 1001.1 50385 500  69.08 71.00 -1.9
1445 44.81 2364 57.12 346.1 63.15 6445 71.94 1039.9 53369 600 71.16 72.99 -1.8
1504 47.10 2426 57.36 365.6 64.23 664.5 72.27 1089.9 57209 700  72.68 74.47 -1.8
156.4 49.27 248.8 57.60 385.2 64.97 684.5 72.40 11009 58057 800  73.90 75.70 -1.8
162.5 50.12 255.0 57.72 4049 65.84 704.6 72.52 1150.8 61910 900 74.94 76.79 -1.9
168.5 51.08 261.3 58.09 4248 66.52 7246 7277 1239.1 68768 1000 75.87 77.81 -19
174.6 52.18 267.5 58.21 4448 67.57 744.7 72.98 1288.7 72641 1100 76.72 78.79 -2.1
180.8 53.02 273.7 58.57 464.8 68.06 764.8 73.17 1389.3 80541 1200 77.53 79.75 -2.2
186.9 53.62 280 58.69 484.7 68.93 7849 73.55 1488.5 88387 1300 78.30 80.70 -24
193.0 54.35 286.2 59.05 504.6 69.55 805 73.74 1597.4 97063 1400 79.05 81.66 -2.6
199.2 54.83 292.5 59.05 524.5 69.67 825.1 73.93 1697.7 105211 1500 79.78 82.63 -2.8
2054 55.31 298.7 59.41 5445 70.24 8453 7431 1600 80.50 83.62 -3.1
2115 55.67 305 59.41 564.5 70.53 1700 81.20 84.62 -34

AHlgg = H2, (T) — HS,(298.15 K), P = combined fit of heat capacity data obtained in this study (Table 8), ACy m(T) = Gy (Th1_yUy02,5,T) — {(1 = ¥)Cp, 1 (ThO2, 5, T)+
YCom(UO2,5,T)}.
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Table 4
Heat capacity data for Thgg412U0,058802(s) as a function of temperature.
Low temperature heat capacity data High temperature heat capacity data Comparisons of heat capacity data
TK  Gm(D)/ K (D TK  Gm(D)/ K (D TK  Gm(T)/ Gm(M] AC, m(T)/
JK ' mol! JK ' mol! JK ' mol! JK ' mol! J K" mol~"Fit P JK'mol 'Ref. [30] JK !'mol!
127.0 32.22 217.8 51.89 305.1 59.87 584.4 69.70 300 59.25 62.03 -2.8
1327 34.92 2240 52.76 3074 59.62 604.4 70.07 350 62.83 65.60 -2.8
138.7 37.06 230.2 53.32 326.7 61.50 6244 70.46 400 65.23 68.03 -2.8
144.7 38.76 2364 53.89 346.1 62.61 6444 70.75 450 66.95 69.78 -2.8
150.6 40.27 2426 5443 365.6 63.57 664.5 71.08 500 68.25 71.13 -2.8
156.6 41.79 248.8 55.03 385.2 64.49 684.5 71.13 550 69.26 72.21 -29
162.7 43.11 255.1 55.78 405.0 65.47 704.6 71.46 600 70.09 73.11 -29
168.7 44.26 261.3 56.16 4249 66.24 7247 71.61 650 70.78 73.89 -3.0
174.8 45.23 267.5 56.85 4449 66.79 7448 71.85 700 71.38 74.59 -31
180.9 46.52 2738 57.29 464.8 67.45 7649 72.04 750 71.90 75.22 -32
187.0 47.78 280.0 57.67 484.7 67.95 785.0 72.24 800 72.37 75.81 -33
193.1 48.78 286.2 58.18 504.7 68.43 805.2 7245 850 72.80 76.36 -34
199.3 49.73 292.5 58.49 524.6 68.72 825.3 72.62 900 73.19 76.89 -3.6
2054 50.29 298.8 59.15 5445 69.15 845.5 72.73
2116 51.24 305.1 59.64 564.5 69.49

AH}oe = H® (T) — H3,(298.15K), "= combined fit of heat capacity data obtained in this study (Table 8), ACy m(T) = Cp i (Th1yUy 02,5, T)—
{(1 =G m(ThO2, 5, T) +¥C;, (U0, 5, T) .

Table 5
Heat capacity and enthalpy increment data for Thggp2U0.00802(S).
Low temperature heat capacity data High temperature heat Hj (T) — H;,(298.15K)  Comparisons of heat capacity data
capacity data data

T/K Coml N T/K Com(T)/ T/K Gl T/K AHloe Exp/ T/K Coml DM Com(MIK1 mol~! ACym(T)/

JK~1 mol ! JK~1 mol™! JK~1 mol ! Jmol ™! JK 1mol ! Fit®  Ref. [30] JK~1 mol !
126.8 32.69 2411 57.49 3034 61.66 890.7 42572 300 61.46 62.11 -0.7
1340 35.89 2489 58.27 3184 61.99 940.8 46690 400 67.69 68.25 -0.6
141.6 38.69 256.7 59.06 3573 65.75 990.8 50331 500 71.00 71.38 -04
149.1 40.86 264.5 59.56 396.8 68.14 1040.6 54463 600  73.18 73.36 -0.2
156.6 42.66 2722 60.10 436.8 69.75 1090.5 58130 700  74.81 74.82 0.0
1642 4420 280.0 60.42 476.7 70.88 11406 62340 800  76.16 76.02 0.1
171.7 46.19 287.8 61.03 5163 71.76 1190.2 66043 900 77.33 77.10 0.2
1794 47.72 295.6 61.41 556.1 72.51 1239.3 70238 1000 78.41 78.11 0.3
187.0 48.97 3034 61.66 595.9 73.19 1289.8 74077 1100 79.41 79.09 0.3
194.7 5040 635.8 73.86 1338.7 78312 1200 80.37 80.08 0.3
2024 51.77 675.7 74.53 1387.9 82078 1300 81.30 81.08 0.2
210.1  53.07 715.7 75.22 1488.7 90888 1400 82.20 82.09 0.1
217.9 54.29 755.7 75.8 1537.8 94749 1500 83.08 83.14 -0.1
225.6 55.4 795.7 76.01 1638.8 103584 1600 83.96 84.22 -03
2334 56.39 835.7 76.27 1688.8 107815 1700 84.82 85.34 -0.5

AHg98 = H® (T) — H2,(298.15 K), “P = combined fit of heat capacity data obtained in this study (Table 8), AC, m(T) = € i (Th1 Uy 02,5, T) — {(1 = ¥)Cp, 1, (ThO2, 5, T)+
YCpm(UO2,s,T)}.

Table 6
Heat capacity and enthalpy increment data for Tho.go3sUo.196402(S).
Low temperature heat capacity data High temperature heat capacity  Hj,(T) — Hp,(298.15 K) Comparison of heat capacity data
data data
K (D K Gm(D/ T/K Gom(D)/ T/K AH? g5 Exp/ TK  Cn(D)/ Com(MI K mol™!  AC; (T)/
JK~"mol~! JK~"mol ! JK~"mol ! Jmol ™! JK~'mol " Fit ® Ref. [30] JK~"mol !

127.0 33.23 2412 58.10 303.5 62.41 891.9 42799 300 62.25 62.30 -0.1
1342 36.89 249.0 58091 3185 62.93 941.7 47020 400  68.55 68.82

-0.3
141.7 39.95 256.7 59.18 3574 66.08 991.8 50709 500 71.90 72.03

-0.1
149.2 42.03 264.5 59.90 396.9 68.84 1041.3 54899 600  74.09 73.99 0.1
156.7 44.56 2723 6022 436.9 70.79 1091.8 58688 700  75.73 75.41 0.3
1643 46.19 280.1 60.81 476.7 72.11 1141.3 62813 800  77.08 76.56 0.5
171.8 48.02 2879 61.26 516.4 73.0 1240.9 70404 900  78.26 77.61 0.6
179.5 50.08 295.7 61.79 556.2 73.61 1291.1 74675 1000 79.33 78.61 0.7
187.1 51.88 3035 62.16 596.1 74.41 13404 78532 1100 80.33 79.61 0.7
1948 52.80 635.9 75.02 1390.8 82805 1200 81.29 80.64 0.7
2025 54.03 675.8 75.46 1440.0 86781 1300 82.21 81.70 0.5
2102 54.85 715.8 75.83 1490.1 91051 1400 83.11 82.82 0.3
2179 55.87 755.8 76.26 1589.9 99304 1500 83.99 84.00 0.0
225.7 56.67 795.8 76.65 1640.1 103651 1600 84.86 85.24 -04
2334 57.64 835.9 77.13 1690 108001 1700 85.72 86.54 -0.8

AH}oe = H2 (T) — H3,(298.15 K), “P = combined fit of heat capacity data obtained in this study (Table 8), ACym(T) = Cy i (Th1_yUy 02,5, T) — {(1 = y)Cp 1y (ThO2, 5, T)+
YCom(UO2,s,T)}.
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Table 7
Heat capacity data for Simfuel (4 at.% burn up thoria-urania (Thg.0g04U0.0196)02)-

Low temperature heat capacity data

High temperature heat capacity data

T/K Com(T)/JK " mol ! T/K Co (I K" mol ™! T/K Com(MJK " mol ) T/K Com(T)/JK " mol !
126.9 0.126 217.8 0.213 307.3 0.235 824.3 0.29
134.1 0.144 225.6 0.216 326.8 0.241 844.5 0.29
141.6 0.162 233.3 0.219 346.2 0.245

149.1 0.175 241.1 0.221 365.7 0.249

156.6 0.185 248.9 0.222 405.1 0.256

164.2 0.191 256.6 0.223 464.7 0.267

171.8 0.195 264.4 0.224 484.6 0.269

179.4 0.199 272.2 0.224 584.1 0.277

187.0 0.202 280.0 0.224 604.1 0.278

194.7 0.204 287.8 0.225 703.9 0.286

202.4 0.207 295.5 0.226 723.9 0.286

210.1 0.21 303.3 0.227 804.1 0.289

AHlgg = H2,(T) — H3,(298.15 K), “P = combined fit of heat capacity data obtained in this study (Table 8).

Tho.9608U0.039202(S)

C K" mol ') = —445.92 +3.2945 - (T/K) — 8.51 x 10~ - (T/K)*
+8.115x 10 % (T/K)* +7.769 x 10° - (K/T)*
—6.16 x 10° - (K/T)> (127 <T/K <305)

(4)

Tho.9412U0.058802(S)

C, (K" mol ") =-372.82+3.1827 - (T/K) — 9.10 x 10> - (T/K)?
+9.545 x 10°% . (T/K)* +4.448 x 10° - (K/T)?
—-3.025x10% - (K/T) (127 <T/K<305), (5)

Tho.902U0.00802(s)

C 0K mol ') =-499.91+3.8795- (T/K) -~ 1.015 x 10> - (T/K)’
+9.478 x107° - (T/K)? +6.388 x 10° - (K/T)*
—4.34%10% (K/T) (127 <T/K<303), (6)

Tho g036U0.196402(S)
C,mK " mol™)=-310.22+2.9556 - (T/K) —8.98 x 10~ - (T/K)*
+9.847 x10°%.(T/K)? +3.196 x 10°. (K/T)?
—2.158 x10% - (K/T)® (127 <T/K <304),
(7)
Simfuel
CmUK'g™")=-06743+4.450x 107 (T/K)—6.791 x 10° - (T/K)?
+1.274 %1077 - (T/K)* +1.824 x 10* - (K/T)?
—1.617 x10°- (K/T)* (127 <T/K<303). (8)
The C;,(298.15K) values for Thogoso4Uo019602(s), Thoosos-

Uo0.039202(8), Thg.0412U0.058802(S), Tho.902U0.09802(s) and Thggose-
Up.196402(s) have been calculated from Egs. (3)-(7) as 61.68,
59.08, 58.77, 61.18 and 61.52 ] K~ mol ™!, respectively.

3.3. High temperature heat capacity

The heat capacities of ThO,, Th,_,U,0,(s), and Simfuel are least-
squares fitted as a function of temperature. The corresponding
expressions are:

Th02(S)

C K" mol™')=71.25+7.10 x 10 - (T/K) — 10.998 x 10° - (K/T)*
(318 < T/K < 836), 9)

Tho.0804U0.019602(S)

C, K" mol ') =74.92 +3.26 x 10~ - (T/K) - 13.118 x 10° - (K/T)*
(304 < T/K < 836), (10)

Tho 9608U0.039202(8)

. - 3 5 2
C (K mol") =71.72+4.920 x 10 (T/K) — 12.525 x 10° - (K/T)

(305 < T/K < 845), (11)
Tho.9412U0.058802(S)

o -1 -1 -3 5 2
Cm( K mol ™) =70.56 +4.49 x 107 - (T/K) — 11.395 x 10° - (K/T)

(305 < T/K < 846), (12)
Tho.902U0.09802(S)

. 4 4 3 5 2
€ K- mol ') = 7479+ 415 x 107 - (T/K) — 13.586 x 10° - (K/T)

(303 < T/K < 836), (13)
Tho.8036U0.196402(S)

. 4 4 -3 5 2
Cm K mol™) =77.52+1.88 x 107 - (T/K) — 14.930 x 10° - (K/T)

(304 < T/K < 836), (14)
Simfuel

o 11 5 3 2
CnU K" g 1) =027554+3.0x 10 - (T/K) — 4.668 x 10° - (K/T)

(307 < T/K < 845). (15)

3.4. Enthalpy increments

The experimentally determined enthalpy increment data ac-
quired by multi-HTC are listed in Tables 1-3, 5 and 6. Enthalpy
increment values of each solid solution were least-squares fitted
into polynomial equation using Shomate method [33] with
constraints, (i) H,(T)—H,,(298.15K) =0 at 298.15K and (ii)
C,m(298.15 K) = known value. C} ,(298.15 K) values have been ta-
ken from our low temperature (127 < T/K < 305 K) DSC data. The

following sets of polynomial equations were obtained.
ThOs(s)
H;,(T) — H;, (298.15K) (Jmol ')

=69.95 - (T/K) +4.393 x 10% . (T/K)?
+9.61 x10° - (K/T) — 24470 (892 < T/K < 1690) (16)
Tho.9804U0.019602(S)
H: (T) — H, (298.15K) (J mol )
= 71.87 - (T/K) +3.524 x 10 . (T/K)*
+10.923 x 10° - (K/T) — 25404 (891 <T/K < 1688) (17)
Tho.9608U0.039202(S)
H: (T) — H, (298.15K) (J mol )
= 73.77 - (T/K) +2.063 x 10 . (T/K)*
+14.154 x 10° - (K/T) — 26926 (901 < T/K < 1698), (18)
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Tho.902U0.00802(S)
H: (T) — H°, (298.15K) (J mol ™)
=70.69 - (T/K) + 4.454 x 107 . (T/K)*
+10.81 x 10° - (K/T) — 25096 (891 < T/K < 1689),  (19)

Tho 8036U0.196402(S)
H:(T) — H2, (298.15 K) (J mol™")
— 7223 (T/K) +3.769 x 10 - (T/K)?
111521 x 10° - (K/T) — 25736 (892 < T/K < 1690). (20)

The heat capacity expression of ThO,(s) and thoria-urania solid
solutions were obtained by differentiating enthalpy increment
expressions (16)-(20) with respect to temperature and are given
in Table 8. The heat capacity data obtained from DSC and Multi
HTC were least-squares fitted into single combined polynomial
expressions for Th;_,U,0, (y =0.0196, 0.0392, 0.098, 0.1964) and
are also given in Table 8.

3.5. Phase diagram

The chemical investigations on Th-U-O system is reported in
the literature [34,35]. Paul and Keller [34] observed U,;Th,0¢(s)
compound in Th-U-0 system by solid state reaction. Boekschoten
and Kema [35] have prepared ThUOs(s) by co-precipitation of
mixtures of solutions of Th(NOs)4(aq) and UO,(NO3)4(aq) with
NaOH(aq) and heating the precipitates above 483 K. The authors
[35] have studied X-ray diffraction pattern and thermal stability
of this compound. JCPDS files [36] did not show U;Th,Og(s), how-
ever, ThUOs(s) [35] is reported. The present authors have pre-
pared UThOs(s) by gel combustion technique. In this method,
required stoichiometric amounts of Th(NOs)s(aq) and UO,
(NOs3)4(aq) (Indian Rare Earth, India) solutions were mixed to-
gether and the resultant solution was mixed with aqueous citric
acid solution under constant stirring condition and the total me-
tal ions to citric acid ratio was kept constant as 1.5:1. The result-
ing solution was evaporated at 350 K under constant stirring
condition and continuous evaporation lead to gel formation
which was self-ignited, and an ignition front propagated through
the whole mass, leaving a light black flaky powder which was
heated at 450 K for 12 h under flowing oxygen at 1 bar pressure.
It was then calcined at 850K for 150 h in oxygen. The product
was analyzed by XRD and found to match with JCPDS file number
22-0492 [36]. Hence, ThUOs(s) has been taken as the only ternary
compound present in Th-U-0O system for phase diagram calcula-
tions. The heat capacity and entropy at 298.15 K for ThUOs(s)
have been calculated using additive oxide method and compo-
nent oxide data were taken from the literature [32]. AfH;,
(UThOs,5,298.15 K) has been estimated using methods given by
Kubashewski et al. [37] and is calculated as —2475.9 k] mol~".
Using required data, ArG,,(UThOs,s,T) has been calculated and is
given as:

A5G, (UThOs, s, T) K] mol ' = —2475.9 + 0.4601 - (T/K). (21)

The Gibbs energy values of binary compounds from JANAF tables
[32], UThOs(s) from Eq. (21) and the optimized experimental data
for Thy_,U,0, reported in Tables 9-13 and from the literature
[6-10], were used for the computation of the phase diagram of
Th-U-0 system. It has been calculated at 900 K and 101.325 kPa
using FactSage code [30] and is shown in Fig. 1. It shows that
ThO,(s) forms solid solutions with UOy(s) in the complete range
of UO,(s) but UsOg(s) does not dissolve any ThOy(s). ThUOs(s)
which is stable up to 1070K is present on the section between
UO5(s) and ThOy(s).

3.6. Oxygen potential diagram

The oxygen potential diagram of Th-U-0, system at 900K is
shown in Fig. 2. The mixed oxide at a particular temperature is
characterized by a definite partial pressure of gaseous oxygen
which is in thermodynamic equilibrium with the solid. Fig. 2 de-
picts the stable phases at different partial pressures of oxygen in
Th-U-0, system. The calculations show that Th;_,U,0x(s) solid
solutions are stable in air even at 1500 K. ThUOs(s) phase precipi-
tates at 900 K and U30g(s) phase at 1273 K from the Th;_,U,O4(s)
solid solutions in air.

The oxygen potentials of Th;_,U,05(s) (y¥=0.0196, 0.0392,
0.0588, 0.098, 0.1964) have been calculated using FactSage code
[30] and found to range from —440 to —550 k] mol~! at 1473 K.
It was observed that the oxygen potential of mixed oxides de-
creases with increase in y value which could be due to decrease
of mean uranium valence. The oxygen potentials of Th;_,U,0y(s)
obtained in this study are more negative in the small O/M region
near the stoichiometric compositions than the previous results
by Tanaka et al. [15], Ugajin [16], Ugajin et al. [17], but are close
to Matsui and Naito [18]. The oxygen potential measurements on
stoichiometric oxides are required to check this value. The oxygen
potential of Thy_,U,0,.(s) has also been calculated from the liter-
ature [16,21].

3.7. Vapour pressure

The optimized experimental data reported in Tables 9-13 were
used to compute the vaporization behaviour of Th;_,U,0,(s). Cal-
culations showed the major gaseous species over Thy_,U,0,(s) is
UO,(g) and over Thy_,U,0.,(s) is UO5(g). The main gaseous spe-
cies over ThoggoaUo.019602(s) are UOy(g), UOs(g), UO(g), ThO,(g),
U(g), ThO(g), O(g) and O,(g). The calculated partial Gibbs energy
of these species over Th;_,U,0(s) solid solution as a function of
U/(Th + U) fractions have been computed at 2300 K and is shown
in Fig. 3. It is observed that the partial pressures of UO,(g) and
ThO,(g) appear to be nearly independent of the U/(Th + U) fraction.
It also shows that uranium-bearing species in the vapour phase is
more than thorium-bearing species.

4. Discussion
4.1. Heat capacity

4.1.1. ThO,-UO,, solid solutions

The heat capacities of ThO,(s) obtained in this study are com-
pared with that reported in the literature [20,32,38,39] in Fig. 4
which also compares C,,,(T) values of UOy(s) [32,38,40]. It shows
that heat capacity values of ThO,(s) measured in this study match
well with that of JANAF tables [32], ASTD [38] and Fischet et al.
[39]. Similarly, heat capacity data of JANAF tables [32] and ASTD
[38] match well for UO,(s). Hence for computation of heat capaci-
ties of Th;_,U,0,(s), ThO,(s) and UO,(s), data were taken from
JANAF tables [32]. The heat capacity difference (4C, ,(T)) between
experimentally measured Th;_,U,0,(s) and corresponding compo-
nent oxides have been calculated for different U/(Th + U) fractions.
These values are plotted against temperature in Fig. 5. Except, heat
capacities of y = 0.0392 and 0.0588, rest other heat capacity values
of Th,_,U,0, are bunched around zero deviation line, which
represents same heat capacity values for Th;_,U,0O,(s) and
{1 — ¥(ThOy(s)) + yUOy(s)}. The deviation is largest at y = 0.0588.

The calorimetric data reported in the literature [6-10] are sum-
marized in Table 14. Springer et al. [6] have measured the heat
capacity of the ThO,(s) and UO,(s) solid solution indirectly by drop
calorimetry from 273 to 2271 K for samples containing 10.3 and



Table 8

Coefficients of the fit equations of enthalpy increment and heat capacity data of Th;_,U,05(s) solid solutions, obtained in this study.

Solid solutions

Authors/ ;/JV(;%( : (Tgnp range  Method  p (T) - H,(298.15K)/J mol ' =A - (T/K) +B- (T/K)* + C- (K/T) +D  Cyn(T)/JK ' mol ' =a+b - (T/K) +d- (K/T)* +e- (T/K)* +c- (K/T)* +f - (K/T)*
ears S
Y : A B x 10° Cx10° -D a b dx 103 e x 10° —cx 107 fx10°8
ThO(s) 318-836 DSC 71.25 3.550 10.998 25248 71.25 0.0071 = - 1.0998 -

892-1690  MHTC  69.95 4393 9.610 24 470 69.95 0.008786 - - 0.9610 -
318-1690  CP 70.94 3.86 10.968 25173 70.94 0.00772 = = 1.0968 =
324-2949  CL 69.58 4,566 9.371 24294 69.58 .009132 = = 0.9371 =

2 Thooso4Uo010602(s)  127-304 DSC - = - = —460.08 2.9205 —6.09 4367 -9.349 —7.566
304-836 DSC 74.92 1.630 13.118 26 882 74.92 0.00326 = = 13118 =
891-1688  MHTC  71.87 3.524 10.923 25 404 71.87 0.007048 = = 1.0923 =
304-1688  CP 7217 3.34 11.234 25582 7217 0. 00668 = - 1.1234 -
304-1688  CL 73.46 2.965 13.056 26 545 73.46 0.00593 = = 1.3056

4 Thoos0sU0.030202(s)  127-305 DSC = = = = —445.92 3.2945 —8.51 8.115 —7.769 —6.16
305-845 DSC 71.72 2.46 12.525 25803 71.72 0.00492 = - 1.2525 -
901-1698  MHTC  73.77 2.063 14.154 26926 73.77 0.004126 - - 1.4154 -
308-1698  CP 70.51 3.265 11.750 25254 70.51 0.00653 = = 1.1750 -
308-1698  CL 70.56 3.295 11.498 25187 70.56 0.00659 = = 1.1498 =

6 Thoo412U0.058802(s)  127-305 DSC - = - = —372.82 3.1827 -9.10 9.545 —4.448 -3.025
305-846 DSC 70.56 2.245 11.395 25059 70.56 0.00449 = = 1.1395 -
305-991 cL 72.41 455 12.760 25909 7241 0.00091 = = 1.2760 =

10 Thoo02Uo0es02(s)  127-303 DSC - = - = -499.91 3.8795 -1.015 9.478 -6.388 —434
303-836 DSC 74.79 2.075 13.586 27 040 74.79 0.00415 = = 1.3586 -
891-1689  MHTC  70.69 4454 10.810 25096 70.69 0.008908 = = 1.0810 =
304-1688  CP 71.40 4.06 11.139 251385 71.40 0.00812 = = 1.1139 =
304-2271 cL 71.74 3.495 10.092 25085 71.74 0.00699 - - 1.0092 -

20 Thoso3sUo.106402(s)  127-304 DSC = = = = ~310.22 2.9556 —8.98 9.847 ~3.196 ~2.158
304-836 DSC 77.52 0.940 14.930 28204 77.52 0.00188 = = 1.4930 =
892-1690  MHTC 7223 3.769 11.521 25736 72.23 0.007538 - - 1.1521 -
304-1690  CP 72.39 4,035 11.308 25734 72.392 .00807 = = 1.1308 -
304-2270  CL 72.76 3.535 10.160 25415 72.76 0.00707 = = 1.0160 =

DSC, differential scanning calorimeter; MHTC, multi high temperature calorimeter; CP, combined fit of heat capacity data obtained in this study from DSC and MTHC; CL, combined fit of heat capacity data of literature and present

study.
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Table 9
Thermodynamic functions for Thgg04U0.019602(S).
T/K G (@] Hy, (T) — Hip (29815 K)/ S/ (D] Hy,(T)] Gu(T)/ ArHL (T)/ ArGr (T)/
JK~! mol~! KJ mol ™! JK " mol ! JK~" mol ! k] mol " kJ mol ™! kJ mol~! kJ mol !
298.15 61.52 0.0 66.3 66.3 —-1223.6 —12434 —1223.6 -1166.8
300 61.69 0.1 66.6 66.3 —12235 —12435 —1223.6 —-1166.4
400 67.82 6.6 85.3 68.8 -1217.0 —1251.2 —1222.7 —-1147.6
500 71.02 13.6 100.8 73.6 —-1210.0 —1260.4 -1221.6 —1128.8
600 73.06 20.8 114.0 79.3 —1202.8 —1271.2 —-1220.4 -11104
700 74.55 28.2 125.4 85.1 -1195.4 —1283.2 -1219.2 -1092.2
800 75.76 35.7 135.4 90.8 —-1187.9 —1296.3 —1218.0 —-1074.1
900 76.80 43.3 144.4 96.3 —1180.3 —1310.3 —-1217.0 —1056.2
1000 77.73 51.1 152.5 101.4 —1172.5 —-1325.0 —1215.9 —1038.2
1100 78.59 58.9 160.0 106.5 —1164.7 —1340.7 -1215.0 —1020.6
1200 79.41 66.8 166.9 111.2 —1156.8 —-1357.1 —1214.0 —1003.0
1300 80.19 74.7 173.2 115.7 —1148.9 —1374.1 —1213.2 —-985.4
1400 80.95 82.8 179.2 120.1 -1140.8 —1391.7 —1212.3 —967.9
1500 81.69 90.9 184.8 124.2 -1132.7 —1409.9 —-1211.7 -950.5
1600 82.42 99.1 190.1 128.2 —1124.5 —1428.7 -1210.9 —-933.2
1700 83.14 107.4 195.1 131.9 —-1116.2 —1447.9 —-1213.4 -915.7
1800 83.85 115.8 199.9 135.6 -1107.8 —1467.7 -1212.4 —898.2
1900 84.55 124.2 204.5 139.1 —1099.4 —1488.0 -1211.5 —880.9
2000 85.25 132.7 208.8 142.5 —1090.9 —1508.5 —-1210.7 —863.3
Table 10
Thermodynamic functions for Tho.gg0sU0.039202(5).
T/K Gom(D/ Hy, (T) — Hi, (298.15 K)/ Sm(T)/ (D] He (T)/ G (T)/ ArHo ()] ArGr(T)/
JK" mol ™! K] mol ™! JK " mol ™! JK~" mol~! k] mol ! kJ mol " kJ mol~! kJ mol~!
298.15 59.55 0.0 67.1 67.1 —-12209 —12409 —1220.9 -1164.3
300 59.72 0.1 67.4 67.1 —1220.8 —1241.0 -1220.9 —-1164.0
400 65.95 6.4 85.6 69.6 -1214.5 —1248.7 —1220.3 —-1145.1
500 69.19 13.2 100.7 74.3 -1207.7 —1258.0 -1219.3 -1126.4
600 71.24 20.2 113.5 79.8 —1200.7 —1268.8 —-1218.3 —1108.0
700 72.73 27.4 124.6 85.5 —-1193.5 —1280.7 —-1217.3 —1089.7
800 73.92 34.8 134.4 90.9 -1186.1 -1293.6 -1216.3 -1071.4
900 74.95 42.2 143.1 96.2 —1178.7 —1307.5 —-12154 —1053.4
1000 75.86 49.8 151.1 101.3 11711 —-1322.2 —1214.7 —1035.4
1100 76.70 57.4 158.4 106.2 —-1163.5 -1337.7 -1214.1 -1017.6
1200 77.50 65.1 165.1 110.9 —1155.8 —-13539 —-1213.3 —999.7
1300 78.26 72.9 171.3 115.2 —1148.0 -1370.7 —-1212.6 -982.0
1400 79.00 80.7 1771 119.5 —1140.2 —1388.1 -1212.0 —964.2
1500 79.72 88.7 182.6 123.5 -1132.2 —1406.1 —1211.6 —946.5
1600 80.43 96.7 187.8 127.4 —-1124.2 —1424.6 —-1211.1 —-928.9
1700 81.13 104.8 192.7 131.1 —-1116.1 —1443.7 -1213.8 -911.2
1800 81.82 112.9 197.3 134.6 —-1108.0 —1463.1 -1213.1 —893.3
1900 82.50 121.1 201.8 138.1 —1099.8 —1483.2 -12124 —875.7
2000 83.17 129.4 206.0 141.3 —1091.5 —1503.5 —-1211.8 —857.9
Table 11
Thermodynamic functions for Thgg412U0.058802(S).
T/K Gom(D)f Hy, (T) — Hi, (298.15 K)/ Sa(T)/ on (D Hy (T)/ Gu (D) AgHy, (T)] ArGr (T)/
JK~" mol~! K] mol ™" JK~' mol ! JK~' mol™! k] mol ! k] mol ! kJ mol ! k] mol !
298.15 59.08 0.0 67.8 67.8 —-1218.1 —1238.3 —1218.1 -1161.7
300 59.25 0.1 68.1 67.8 -1218.0 —1238.4 —1218.1 -1161.4
400 65.23 6.4 86.1 70.1 —1211.7 —1246.1 —-1217.5 —1142.5
500 68.25 13.1 101.0 74.8 —1205.0 —1255.5 -1216.6 —-1123.9
600 70.09 20.0 113.7 80.4 -1198.1 -1266.3 -1215.7 —1105.5
700 71.38 271 124.6 85.9 —-1191.0 —1278.2 —-1214.8 —1087.2
800 72.37 343 134.2 91.3 —1183.8 -1291.2 —-1214.0 —1069.0
900 73.19 41.5 142.7 96.6 —-1176.6 —1305.0 -12134 —1050.9
1000 75.79 49.7 151.7 102.0 —1168.4 —1320.1 -1212.1 —1033.3
1100 76.59 57.3 159.0 106.9 —-1160.8 —1335.7 —-1211.6 —1015.5
1200 77.34 65.0 165.6 111.4 —1153.1 —-1351.8 —1210.8 —-997.6
1300 78.06 72.8 171.9 115.9 —1145.3 —1368.8 -1210.2 —980.0
1400 76.87 79.7 1771 120.2 -11384 —1386.3 —1210.5 -962.3
1500 77.87 87.7 183.1 124.6 —-1130.4 —1405.0 -1210.3 —945.3
1600 79.35 96.1 188.8 128.7 —-1122.0 —1424.1 —1209.4 —-928.2
1700 80.24 104.3 193.7 1323 —-1113.8 —1443.1 -1211.9 -910.4
1800 81.60 112.9 198.9 136.2 —1105.2 —1463.2 —-1210.7 —893.1
1900 82.46 121.2 203.4 139.6 —1096.9 —1483.4 -1210.0 —875.6
2000 83.22 128.7 206.6 142.3 —1089.4 —1502.6 -1210.2 —856.7
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Table 12
Thermodynamic functions for Thgg2Ug09802(S).
T/K Com(T)/ Hp, (T) — Hi, (29815 K)/ Sa(M)/ o (T)/ He, (T)/ Gu(T)/ AHy(T)] ArGr (T)/
JK~! mol~! K mol ™! JK " mol ! JK~" mol~! k] mol-1 kJ mol~" kJ mol~! kJ mol !
298.15 62.47 0.0 69.1 69.1 —-1212.5 —12331 —1212.5 -1156.6
300 62.62 0.1 69.4 69.1 -12124 —12333 -1212.5 —-1156.3
400 68.23 6.7 88.3 71.6 —1205.8 —-1241.2 —-1211.6 -1137.6
500 71.20 13.7 103.9 76.5 —1198.8 —1250.8 -1210.4 -1119.2
600 73.13 20.9 1171 823 —-1191.6 —1261.9 —1209.3 —1101.1
700 74.57 283 128.4 88.0 —-1184.2 —-1274.1 —1208.1 -1083.1
800 75.76 35.8 138.5 93.8 —-1176.7 —1287.5 —-1207.0 —1065.4
900 76.79 43.4 147.5 99.3 —-1169.1 -1301.9 —1206.1 —1047.8
1000 77.72 51.2 155.6 104.4 —-1161.3 -1316.9 —1205.3 —1030.1
1100 78.59 59.0 163.0 109.4 —1153.5 -1332.8 —-1204.9 —-1012.5
1200 79.43 66.9 169.9 114.2 —1145.6 —1349.5 —1203.9 —995.2
1300 80.23 74.9 176.3 118.7 -1137.6 —1366.8 —1203.0 -977.8
1400 81.01 829 182.3 123.1 —-1129.6 —1384.9 —-1202.2 —960.6
1500 81.78 91.1 187.9 127.2 -1121.4 —1403.3 —1202.3 —943.2
1600 82.53 99.3 193.2 131.1 —-1113.2 —1422.4 -1201.6 -926.0
1700 83.27 107.6 198.2 134.9 —-1104.9 —1441.9 -1203.9 —908.7
1800 84.01 115.9 203.0 138.6 —1096.6 —1462.0 —-1203.1 —-891.4
1900 84.74 124.4 207.6 142.1 —1088.1 —1482.6 —-1202.2 —-874.1
2000 85.47 132.9 211.9 145.5 —1079.6 —1503.4 —-1201.4 —856.7
Table 13
Thermodynamic functions for Thggp36U0.196402(S).
T/K Com(D)/ Hy, (T) — Hy, (298.15 K)/ Sa(M)/ o (T)/ Hy, (T)/ Gu(T)/ AgHy, (T)] ArGr (T)/
JK" mol™! KJ mol ™" JK~" mol~! JK" mol~! k] mol-1 kJ mol~" kJ mol~! kJ mol !
298.15 63.44 0.0 71.7 71.7 —-1198.6 —1220.0 —1198.6 —1143.5
300 63.59 0.1 721 71.8 —-1198.5 —1220.2 —1198.6 —-1143.2
400 69.24 6.8 91.2 74.2 -1191.8 —1228.3 -1197.6 —-1124.8
500 72.23 13.9 107.0 79.2 —1184.7 —1238.2 -1196.4 —-1106.7
600 74.18 21.2 120.4 85.1 —-1177.4 —1249.7 —1195.2 —1089.0
700 75.64 28.7 1319 90.9 -1169.9 —-1262.3 —-1194.0 -1071.4
800 76.83 36.3 1421 96.7 —-1162.3 -1276.0 -1192.9 —1053.9
900 77.87 441 151.2 102.2 —1154.5 —1290.6 -1191.9 —1036.5
1000 78.81 51.9 159.5 107.6 —1146.7 —1306.2 —-1191.5 —-1019.3
1100 79.70 59.8 167.0 112.6 —1138.8 —-1322.5 —-1191.5 —1002.1
1200 80.54 67.8 174.0 117.5 —1130.8 —1339.6 —1190.5 —-984.9
1300 81.35 75.9 180.5 1221 —1122.7 -1357.4 —1189.5 -967.9
1400 82.14 84.1 186.5 126.4 —-1114.5 —1375.6 —1188.6 —-950.7
1500 82.91 92.4 192.2 130.6 —-1106.2 —1394.5 —1189.5 —933.6
1600 83.68 100.7 197.6 134.7 -1097.9 —-1414.1 —1188.8 -916.7
1700 84.43 109.1 202.7 138.5 —1089.5 —1434.1 —1190.7 —899.6
1800 85.17 117.6 207.5 142.2 —1081.0 —1454.5 —-1189.8 —882.4
1900 85.91 126.1 2122 145.8 —1072.5 —1475.7 —1189.0 —865.6
2000 86.65 134.8 216.6 149.2 —1063.8 —1497.0 —1188.2 —848.4

20.4 wt% UO,. They have given least squares fit expression for the
enthalpy increment data using H;,(T) — H;,(273 K) = 0. In order to
compare data given by Springer et al. [6] with the literature, the
enthalpy increment values of Springer et al. [6] were corrected
by subtracting H; (298.15K) — H;, (273 K) value, calculated from
the polynomial fit. These corrected values were 1299 and
1145] mol~! for 10.3 and 20.4 wt% UO,(s), respectively. For the
sake of comparison, calculated enthalpy increments data of Spring-
er et al. [6] is given in Table 14. Fischer et al. [6] have measured
H;](T) — H;(29815 K) for ThoogUo,gzOz(S), Th0.15U0_3502(S) and
Thg7Ug304(s) in the temperature range 2300-3400 K using inverse
drop calorimeter. The authors marked a discontinuity in the en-
thalpy increment data of these solid solutions. They reported these
transition temperatures as 2850, 2900 and 2950K for
Tho.08U0.9202(s), Tho.15U0.8502(s) and Tho7Ug30x(s), respectively.
Fink [41] analyzed enthalpy increment data of UO,(s), ThOy(s),
PuOy(s), Thy_,U,05(s) and Pu;_,0,(s) to study complex behaviour
of actinide oxide systems. Anthonysamy et al. [7] and Kandan
et al. [9] have measured enthalpy increments of Th;_,U,0x(s)
mixed oxide solid solutions with y = 0.1, 0.5 and 0.9 using drop cal-
orimeter in the temperature range 473-973 K and 479-1805 K,

respectively. Kandan et al. [10] have measured heat capacity in
the temperature range 298.15-800 K for the same compositions
of mixed oxide solid solutions using DSC. Agarwal et al. [9] have
measured enthalpy increments of ThO(s), Thg.og04Uo.019602(S),
Tho.0961U0.039202(S), Tho.941U0.058802(S), Tho.902U0.00802(s) and Sim-
fuel of Thgg04Up019602(s) using a high temperature Calvet calo-
rimeter in the temperature range 375-991 K.

Figs. 6-10 show comparison of heat capacity values of over-
lapped composition of present study and that of the literature.
The measured heat capacities of each ThO,-UO, solid solution
and its derived heat capacities data from enthalpy increments
measured in this study are compared with the derived heat capac-
ity data reported in the literature [6-9], pure thoria [32], pure ura-
nia [32] and computed C, ,(T) values from additive oxide data.
Figs. 6-8 compare heat capacity data by Agarwal et al. [9], present
study and data calculated from additive oxide method for
y=0.0196,0.0392 and 0.0588, respectively. Except y = 0.0588 mole
UO,, former two mixed oxides show reasonably good agreement.
The heat capacity data of Thg9412Uq.058802(s) by Agarwal et al. [9]
are higher than that of present study and this difference increases
with increase in temperature and it is about 4% higher at the
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Fig. 1. Phase diagram for the system Th-U-O at 900 K. The equilibrium phase
fields: A =UOy(s)+ U40q(s) + Thy_,Uy05(s), B =U40q(s)+ U30g(s)+ Th;_,U,0x(s),
C=U30g(s) +UO3(s) + ThUOs(s) and D =U30g(s)+Thy_,UyOy(s) + ThUOs(s).
Th;_,U,0x(s) represents solid solutions of different U/(Th + U) fractions.
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Fig. 2. Oxygen potential diagram for Th-U-0O, system at 900 K.

highest temperature of measurement. Fig. 9 compares heat capac-
ity data of Thg gp2Uo.00802(s) by Springer et al. [6], Agarwal et al. [9],
Kandan et al. [10], present study and additive oxide data. All stud-
ies show reasonable agreement. Fig. 10 shows comparison of heat
capacity values of Thy gg3sUo.196402(S) by Springer et al. [6], present
study and additive oxide data. It also shows reasonable agreement
among different studies.

The C,,,(T) values obtained in this study are combined with
reasonably agreeing heat capacity values from the literature to ob-
tain single expression for ThO,(s) and Th;_,U,O,(s) solid solutions.
These expressions are given in Table 8.

The heat capacities of all compositions of solid solutions re-
ported in the literature increases with increase in U/(Th + U) frac-
tion. However, the heat capacities of Th;_,U,0,(s) (y =0.0392,
0.0588) lie below those of both pure urania and thoria. After that
the heat capacity values of the mixed oxide starts increasing with
further addition of UO,(s). This trend is similar to the observation
made by Fischer et al. [7] for transition temperature variation of
the mixed oxides with change in composition of UO,(s). Hence
heat capacity values of Th;_,U,0,(s) for y=0.02, 0.1-0.9 obey
additivity rule and it is less than additivity rule when y lies in be-
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Fig. 3. The variation of partial molar Gibbs energy of UO,(g), UOs(g), UO(g),
ThOx(g), ThO(g),0(g) and Oy(g) with U/(Th + U) fraction in Th;_,U,05(s) at 2300 K.
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Fig. 4. A comparison of heat capacity data of ThOy(s) and UOy(s) reported in the
literature. The heat capacity data for ThO,(s) obtained in this study is also
compared.

tween 0.02 and 0.08. Kandan et al. [10] have observed some of the
C,.m(T) fit values of Th o 1Uq90x(s) are slightly higher than those of
UO,(s). This observation predicts that the heat capacities for mixed
oxide solid solutions with U/(Th + U) fraction more than 0.9 are
greater than that of pure UO,(s). If there is an error in fitting exper-
imental data by Kandan et al. [10], this observation is incorrect.
Thus, more heat capacity measurements with special attention
for solid solutions with U/(Th + U) fraction more than 0.9 would
be required to resolve it.

The heat capacities as a function of temperature and UO(s)
compositions have been computed using heat capacities of differ-
ent compositions of mixed oxides given in Tables 8 and 14 and
the computed expression is given as:

Com JK'mol™") =66.26 + 1091 -y
+(0.00923 — 0.00065 - y) - (T/K)
—(6.7-y+7.70)-10° - (K/T)?
(0.019 <y < 0.9) and (298.15 < T/K < 2000).
(22)



S. Dash et al./Journal of Nuclear Materials 393 (2009) 267-281 277

T T T T T T T ! T ) T ' ' ' I ' I
6 |- —— Zero deviation 7
| ---- 1.956 mol% UO,(s)
rrrrrrr 3.915 mol% UO,(s)
I~ —-—-5.88 mol% UO,(s) i
| - 9.8 mol% UO,(s)
e 19.64 mol% UO,(s)
--===ThO,(s): present study

IN

N
1

p.m
|
1
0

AC (T) J.K'mol”
o
T
\
1
1
1]
1

'
N
T
1

6 PR NN NI R RS RS NI R
800 1000 1200 1400 1600 1800
TIK

Fig. 5. A plot of heat capacity difference (AC, ,(T)) between Th;_,U,0(s) and its
component oxides as a function of temperature. The zero deviation line represents
same heat capacity values for Thy_,U,05(s) and {1 — y(ThOx(s)) + yUOx(s)}.

4.2. Simfuel

The heat capacity data on Simfuel of thoria-urania are limited
[9] contrast to that of urania [42-45]. Agarwal et al. [9] have
measured enthalpy increment of 20,000 MWD/ton burn-up
Tho.0804U0.019602(s) fuel. The present authors have measured heat
capacities of same composition fuel at 4 at% burn up. The Simfuel
of different burn ups along with undoped fuel have been compared
and observed a close agreement between doped and undoped solid
solutions. This observation indicates that there is no anomalous in-
crease in specific heat capacities of stoichiometric Simfuel with
burn up.

4.3. Thermodynamic tables

The optimized heat capacity data were used to compute other
thermodynamic functions such as heat capacity, entropy and free
energy function {®%(T) = —[G5(T) — H;,(298.15K)]/T}, enthalpy,
Gibbs energy, Enthalpy of formation and Gibbs energy of formation
of solid solutions. The 4¢H;,(298.15 K) values of the solid solutions
required for computation of thermodynamic functions were ob-
tained from pure urania and thoria by applying molar additivity
rule assuming no enthalpy of mixing. The S; (298.15 K) values of
Thy_,U,0,(s) have been calculated by assuming ideal entropy of
mixing. In this study, required thermodynamic functions for com-
putation were taken from JANAF tables [32]. The Gibbs energy of
mixing of the present and reported solid solutions has been calcu-
lated from the expression:

AmixGm(Thy_,U,0,,5,T)
= {ArG,(Thy U, 02,5, T)} — {(1 - y) - AsG,(ThOg, s, T)
+YArGL(UO2, 5, T)} +T-R{(1 ~y)-In(1 ~y) +y-Iny}. (23)

The calculated Gibbs energy of mixing of the mixed oxide solid
solutions studied in this study and that reported in the literature
are plotted against U/{Th + U} fraction in Fig. 11 at 1500 K. The ex-
cess Gibbs energy values are very small at 1500 K for all solid solu-
tions. This might be due to stoichiometric solid solutions behaving
ideally at 1500 K. The thermodynamic tables for Thg 9g04U0.019602(S),
Tho.9608U0.039202(8)  Tho.9412U0.058802(S),  Tho.902U0.00802(s) and
Tho g036Uo.196402(s) have been calculated in the temperature range
298.15-2000 K and are given in Tables 9-13, respectively.

4.4. Oxygen potential

Oxygen potentials of Thy_,U,0,.,(s) were retrieved from the lit-
erature and are given in Table 15. Recently Schram [21] has ana-
lyzed each data point with respect to the oxygen pressure p(0;),
the non-stoichiometry x, the temperature T and the uranium con-
centration y in Thy_,U,0,(s). The mixed oxide solid solution is re-
garded as an ideal solid solution of UOy(s), ThO,(s) and a
hypothetical compound U,0(s). In this assumption ThO,(s) is trea-
ted as an inert solvent that does not participate in any of chemical
equilibrium describing oxygen potential. By measuring thermody-
namic properties of compound U,0(s) in two oxygen pressure
ranges, Schram [21] has given a general expression of oxygen po-
tential as:

AGn(0y) = 2RTf (x,y) + AH® — TAS°
where

1 x{b—-2a+(1-ax}*"
fxy) = b-2a In {(b - 2a)y — ax}"

The values of A;H" and AS" for two different oxygen potential
ranges are given in Table 15.

In this study, the oxygen potentials of Th; _,U,O,.,(s) have been
calculated for y=0.0196-0.2 and x=0.002-0.02 at T/K=1273,
1373 and 1473 K from Eq. (24). These data along with oxygen po-
tential data by Ugajin [16] and that calculated for stoichiometric
oxides in this study have been least-squares fitted as a function
of excess oxygen x, uranium concentration y and temperature T.
The corresponding expression is given as:

AGin(07)/K] mol™' = 0.029592 - (T/K) - Inx + 0.003436
-(T/K)-In(0.5619 — 0.1161 - x)
—0.033028 - (T/K) -In(0.5619 -y — 1.1161 - x)
—348 +0.1767 - (T/K)
(0.019 <y <0.2), (0.0<x<0.024) and
(1000 < T/K < 1500). (25)
The oxygen potential of Thy_,U,0,.,(s) (y = 0.0196, 0.0392, 0.0588,
0.098, 0.1964) have been calculated from Eq. (25) and are plotted as
a function of oxygen non-stoichiometry in Fig. 12. It shows that
oxygen potential of mixed oxide solid solution increases systemat-

ically with increase in thorium content, temperature and x in
Th1,yUy02+X(S).

(24)

4.5. Vaporization of Th;.,U,0x(s)

The vaporization of thoria-urania solid solutions reported in the
literature is also summarized in Table 15. The total vapour pres-
sure of the metal bearing species over single phase mixed oxide so-
lid solution have been measured by means of transpiration
technique by Aitken et al. [22] and Alexander [23]. The former
group measured the partial pressure of UO3(g) in the temperature
range 1473-1873 K by passing dry air as carrier gas over
Thy_,U,;05.,(s) with y = 0.063, 0.2, 0.25, 0.5. Alexander [23] mea-
sured vapour pressure of UO,(g) over the stoichiometric
Thy_,U,0,(s) solid solutions with y =0.08 and 0.2 in the tempera-
ture range 2373-2773 K by passing Ar-H, as a carrier gas. Yam-
awaki et al. [24] have studied vaporization of Th;_,U,05.x(s)
using mass spectrometer, in the temperature range 2298-2465 K
for y=0.1, 0.2, 0.4, 1. The optimized experimental data reported
in Tables 9-13 were used to compute the vaporization behaviour
of Th;_,U,Ox(s). The UO,(g) pressure of Thggo3sUo.196402(s), mea-
sured by Alexander [23] were extrapolated to 2300K, is
6 x 107> kPa whereas our computation gives much higher value
of 2 x 1072kPa which is reasonably agreeing with that value



Table 14

Coefficients of the fit equations of enthalpy increment and heat capacity data of Th;_,U,0,(s) solid solutions, reported in the literature.

Author/years Wt% UO,(s)  Solid solutions Temp range (K) Method H,(T) — H2, (298.15 K) /J mol ™! = A - (T/K) + B - (T/K)? +C - (K/T) + D Cl‘;_m(T)/]K’1 mol ' = a+b- (T/K) + C(K/T)?
Datatypes A B x 10° Cx107° -D Datatypes a b x 103 —cx 107
Springer et al. [6] 10.3 Tho.899U0.10102(8) 340-2271 DC B 69.3 3.766 4.821 22652 E 69.3 7.532 4.821
1967 204 Tho.7996U0.200402(S) 324-2270 F 71.02 3.67 6.188 23464 B 71.02 7.34 6.188
Fisher et al. [7] 8.167 Thg.92U0,0802(5) 2303-3302° IDC - - - - - - - -
1981 2850-3300° G 128.11 - - 155710 E 128.11 - -
2303-2800° F 59.53 7.287 3.225 19479 E 59.53 14.574 3.225
2898-3302° F 33.04. 16.25 20.915 18310 E 33.04 32.5 20915
15.288 Tho.g5Up.1502(s) 2292-3401° IDC - - - - - - - -
2950-3401° G 152.37 - - 219310 E 152.37 - -
2292-2803° F 64.67 6.444 60.648 21888 E 64.67 12.888 60.648
2949-3401° F 44.06 14.51 19.299 20899 E 44.06 29.02 19.299
30.473 Tho7Ug304(s) 2312-3437° IDC - - - - - - - -
2900-3437° G 131.85 - - 148640 E 131.85 - -
2312-2897° F 58.01 9.701 15.456 18678 E 58.01 19.402 15.456
2897-3437° F 46.23 13.969 10.24 18461 E 46.23 27.938 10.24
Anthonysamy et al. [8]  10.204 Tho.9Uop.104(s) 473-973 DC G 71.923 3.4659 10.72 25347 E 71.932 6.9318 10.72
1997 50.561 Tho5Ug504(S) 473-973 G 74.249 3.5114 12.154 26526 E 74.249 7.0228 12.154
90.2 Tho.1Ug.904(s) 473-973 G 72.344 6.7454 11.518 26032 E 72.344 13.491 11.518
Agarwal et al. [9] 2 Tho.os04U0.019602(s) ~ 376-981 cv G 76.86 1.7974 18.885 29410 G 76.86 3.595 18.885
2005 4 Tho.061U0.03902(S) 376-914 cv G 67.824 4399 6.8452 22909 G 67.824 8.798 6.8452
6 Tho.941U0.05902(8) 376-991 cv G 78.814 —0.3042 18.977 29836 G 78.814 -0.608 18.977
10 Tho.902U0.09802(S) 376-991 cv G 78.358 0.2328 17.749 29336 G 78.358 0.4656 17.749
Kandan et al [10]° 10.204 ThooUg.104(s) 298-800 DSC - - - - G 71.63 10.65 13.56
2009 50.561 Tho5Ug504(s) 486-1775 DC G 77.554 1.548 16.763 28883 E 77.554 3.096 16.763
90.2 Tho.1Ug.904(s) 298-800 DSC G - - - - G 73.47 11.48 14.23
486-1758 DC G 75.946 2.974 14.844 27886 E 75.946 5.948 14.844
298-800 DSC - - - - G 73.63 14.79 12.89
479-1805 DC 74.927 4.548 12.516 26942 E 74.927 9.096 12,516

DC, drop calorimety, IDC= Inverse drop calorimeter; CV, calvet calorimetry, F, experimental data fitted in this study; E, derived from enthalpy increments data in this study; G, given in the literature.

@ Reported temperature range.

b Fitted temperature range in this study.
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Fig. 6. A comparison of heat capacity data of Thgggp4Uo.019602(s) of present study

with those calculated from the literature.
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Table 15
Summary of reported oxygen potential measurements and vaporization studies on Thy_,UyO.(s).
Authors y range T range Method Year
Oxygen potential measurements
Anderson et al. [12] 0.03-0.244 1003-1203 Thermogravimetric analysis with gas volumetric method 1954
Roberts et al. [13] 0.0053-0.0597 1123 Pressure measurements 1958
Aronson and Clayton [14] 0.29-1 1250 Electromotive force measurements 1960
Tanaka et al. [15] 0.048-0.295 1250 Electromotive force measurements 1972
Ugajin et al. [16,17] 0.05-1 1273-1473 Thermogravimetric analysis 1982
Matsui and Naito [18] 0.2-1 1282-1373 Thermogravimetric analysis 1985
Anthonysamy et al. [19] 0.54-0.9 1073-1173 Electromotive force measurements 1997
Schram [21] Computed 2005

OP range <-100 kJ mol ! >-100 kJ mol !

AHy, —426929 —114230

AS;, —226.95 -23.02

a 1.289 3.232

b 1.974 5.21
Authors y range T range Method Atmosphere Vapour species Year
Vapour pressure measurements
Aitkin [22] 0.063,0.2 1473-1873 Transpiration Dry air U0s(g) 1966

0.25,0.5

Alexander et al. [23] 0.08, 0.2 2373-2773 Transpiration Ar-H, U0y(g) 1967
Ugajin et al. [17] 0.2 2000-2300 Estimated - U05(g) 1983
Yamawaki et al. [24] 0.1,0.2,04 2025-2192 Mass spectrometry Vacuum U0,(g), UO5(g) 1985

OP = oxygen potential.

100 T T T T T T T T
t Th,_UO, (s)(y=1,0.0196, 0.0392, 0.0588, 0.098, 0.1964) -

1oy Ty " 24x

0 u] B

A <4
/ o/
-100 o O/O/A o
-

0 %
o o
g -200 -
2 o °
91 -300 —0—1.96 mol% UO,(s) .
< —0—3.92 mol% UO,(s) ]
400 —4—5.88 mol% UO,(s) 4
—0—9.8 mol% UO,(s)
500 —#—19.64 mol% UO,(s) i
—6—UOQ,(s) Ugaijin [16]
-600 . L . L . L
2.000 2.005 2.010 2.015 2.020

2+xin ThLyUyOM(S)

Fig. 12. The variation of oxygen potentials of Th;_,U,0,.,(s) and UO,., as a function
of oxygen nonstoichiometry, x at 1473 K.

(6 x 103 kPa) of Ugajin [17]. Thus, further experiments are needed
to determine the pressures of gaseous actinide oxides over com-
plete range of thoria-urania solid solutions. At fuel temperature
in excess of 2300 K, the partial pressures of the oxides of the heavy
metals are large enough to sustain fluxes of uranium and thorium
through a gas phase contained in cracks or voids in the solid. The
U/Th ratio of the vapour is not the same as the ratio of these spe-
cies in the solid. In stoichiometric mixed oxides, UO,(g), the dom-
inant vapour species, is present in the gas phase in concentrations
greater than ThO,(g). In a temperature gradient, the UO,(g) prefer-
entially evaporate from the hot portion of this type of fuel and con-
denses in the cooler region, resulting in depletion of uranium in the
solid at the hot zone.
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