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ABSTRACT

The uranium-silicon phase diagram is a key system to predict the possible interaction between the fuel
kernel (U, Pu)C and the inert matrix SiC considered for the gas-cooled fast reactor systems. The experi-
mental data from the literature on the uranium-silicon system are critically reviewed. Differential Ther-
mal Analysis experiments are carried out to measure the temperatures of the phase transitions in the
composition range 6-46% at Si. The experimental results are compared to the available data of the liter-
ature. The microstructure of the samples has been analysed using scanning electron microscopy. In view
of the analyses, some solidification paths are proposed. Finally, the present experimental results and the
available data of the literature have been used to perform a thermodynamic modelling of the uranium-
silicon system using the CALPHAD method.

© 2009 Published by Elsevier B.V.

1. Introduction

The present work takes part of the FUELBASE project for the
development of a thermodynamic database for advanced nuclear
fuel materials. For the Gas-cooled Fast Reactor, the carbides (U,
Pu)C and SiC are considered as candidate materials for respectively
the fuel kernel and the inert matrix [1-3]. The high level of the
operating temperature of the fuel materials requires the prediction
of the phase diagrams and the thermodynamic properties of the U-
Pu-Si-C quaternary system. Among the binary sub-systems, the U-
Si system is a key system to assess. The experimental data available
in the literature will be reviewed. The new experimental results
obtained by Differential Thermal Analysis will then be presented.
Finally a thermodynamic assessment using the CALPHAD method
will be proposed.

2. Bibliographic study and selection of the data for the
assessment

The phase diagram reported in Massalski’s compilation [4] is
presented in Fig. 1.

The U-Si system is characterized by the existence of several
intermetallic compounds: SisU, Si,U, Si; ggU, SisUs, SiU, Si,Us and
SiUs. The present phase diagram is based on the investigations
by Kaufmann et al. [5] who determined the phase equilibria using
thermal analysis, heat treatments, metallography and X-ray dif-
fraction and from Vaugoyeau’s work et al. [6] who investigated
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the phase diagram from 30 to 60 at.% U by performing heat treat-
ments in two-phase domains and thermal analysis to determine
liquidus temperatures. The compounds Si; ggU, SisUz and SiU were
found to exhibit a narrow composition range by Vaugoyeau et al.
[6], which was not taken into account in our own thermodynamic
assessment of the system. The compound UsSi, has been elabo-
rated and characterized by X-ray diffraction for the first time by
Noel et al. [7]. The temperature range of stability of this compound
is unknown. In this work, Si; ggU is considered instead of Si,U. In
fact, the simultaneous existence of both Si;ggU and Si,U is not
clearly established. The allotropic transition for the SiUs compound
quoted by Blum et al. [8] was not considered. Finally, the limit of
solubility of silicon in uranium was measured by Shunk [9], Straat-
mann and Neumann [10].

The enthalpies of formation of the intermetallic compounds
have been measured by Gross et al. [12] and O’Hare et al. [13] using
calorimetry. Alcock and Grieveson [14] measured silicon vapour
pressure above the mixtures USi-UsSis, UsSis—USi,, USi;-USis
and USi3-Si from the weight loss of a Knudsen cell. From these
measurements, the Gibbs energy of UsSis, USi, and USis were di-
rectly derived. Activities of uranium and silicon for the U-UsSi,
mixture were determined from the chemical analysis of the con-
densate formed from the vapour effusing from the cell. In case of
small values of uranium activity, for the UsSi,~USi mixture, a so-
lid/liquid equilibration method using liquid gold-uranium alloys
was used. The Gibbs energy of formation of the compounds was
derived from the silicon and uranium activity measurements. An
overall good agreement is found between all the measurements.
The thermodynamic properties have been estimated by Rand and
Kubaschewski [15]. All the data on enthalpies of formation are
listed in Table 1.
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Fig. 1. Si-U phase diagram given in handbook.

Table 1
Composition, mass and mass variation of the elaborated alloys; measured temperature of transition compared to the bibliographic data.
Composition (at.% Si) Sample mass (mg) Mass variation Temperature (K) Type of reaction Refs.
Real (mg) (%) Literature Exp - this work This work — assessment
0 0 459.5 0.3 0.07 1408 1405 + 3 = Congruent -
4 3.97 556.3 0.7 0.13 1258 1267 %3 1250 Eutectic [11]
1363 1340+5 1360 Liquidus [4]
9 8.69 495.1 0.6 0.12 1258 126143 1250 Eutectic [11]
46 46.32 269.4 0.5 0.19 1813 18205 1840 Eutectic (6]
- 1867 £ 15 1860 Liquidus -
75 74.68 132.1 2.3 -1.74 1783 - = Peritectic [11]
? - - Liquidus -
For the optimization, direct combustion calorimetry experi-
ments performed by Gross et al. [12] were chosen for all the com- Table 2
pounds except UsSi, for which the data of O’Hare et al. [13] were Enthalpies of formation of the UySiy compounds.
used. Direct combustion was preferred to both tellurium reaction
. .. Phase AHs (k]/mol at.%) 298 K Method References
calorimetry and activity measurements because of the better pre-
cision of the results. Silicon partial pressure and silicon and ura- USis —33.02+0.13 Direct comb.calorimetry [12]
. .. . = aE
nium activity measurements of Alcock and Grieveson were also ZOE0 e ElernEny 112
T ) . —35.53+4.18 Activity meas. [14]
used [14]. For the liquid phase, no experimental data are available. 3260 - [15]
Mixing enthalpies estimated by Miedema et al. [16] were consid- —32.90 Modelling This work
ered as a starting point to have an order of magnitude for the mix- USip —43.47 £0.42 Direct comb. calorimetry [12]
ing enthalpy in the liquid for the optimization. ARSI Ieicalorimetry [12]
—43.89+4.18 Activity meas [14]
—43.19 Estimation [15]
3. Experimental -43.33 Modelling This work
UsSis —44.26 Estimation [15]
The alloys have been directly elaborated from pure metallic ura- ) =B LA ) Lt o
. o . - o usi —40.13 £0.84 Direct comb. calorimetry [12]
nium (99.9% purlty) and 51!1c01.1 (99.9995%) in the fu.rnage of the 4347 +167 Te calorimetry [12]
DTA apparatus. Prior to weighting the metals, the oxidation layer —41.8+4.18 Activity meas [14]
was chemically dissolved using nitric acid for uranium or hydroflu- 4222 Estimation [15]
oric acid for silicon. The elaboration was performed by maintaining ) —41.18 Modelling ) This work
the elements during 30 min in the liquid phase. The sample was UsStz ~3386:042 Direct comb. calorimetry (12]
g ne liquid phase. p ~3595+334 Activity meas. [14]
then slowly cooled. The composition, mass and mass loss of the 3411 Estimation [15]
samples synthesized and analysed in this work are presented in Ta- -34.32 Modelling This work
ble 2. UsSi —26.02+4.8 Fluorine bomb calorimetry [13]
. _ —22.99 Estimation [15]
DTA measurements were performed using the SETARAM appa oriee Modelling L s

ratus TG-DTA-92 (2400). During the analysis, a constant flow of
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0.6 1/h of pure (more than 99.9999% volume) argon gas was main-
tained. The crucible used was made of Y,03_,. The hypo-stoichiom-
etry in oxygen allowed the crucible to absorb oxygen molecules by
a getter effect. The crucible was closed by a lid in order to minimize
possible vaporization of silicon. To determine the transition tem-
perature at the thermodynamic equilibrium (rate = 0), the temper-
ature was measured at several different rates on heating or cooling
as shown in Fig. 2. On heating, the temperature of an invariant
phase transition was taken at the onset of the peak whereas for
monovariant transitions (liquidus), the temperature at the maxi-
mum of the heat flow peak was chosen. On cooling, the phase tran-
sition temperatures were systematically analysed at the onset of
the heat flow peaks. The temperature was measured by a tungsten
rhenium W-5%Re/W-26%Re thermocouple. The calibration of the
measurements was performed by using pure metals Ag, Au, Ni
and Pd.

SEM and EDS analyses were used to determine the composition
of the different phases in the cooled samples.

The measured temperatures of phase transition for each sample
are compared to literature data in Table 2.

No reactivity between the alloy and the crucible was noticed for
the samples containing 4 and 9 at.% Si. In case of the sample with
46 at.% Si, a reaction layer of about 6 um was formed between the
Y,03_, crucible and the sample. EDS analysis showed that this
layer was constituted mainly of uranium and yttrium. In this case,
the layer thickness was neglected in comparison with the volume
of the sample. The reaction was more important for the U-75 at.% Si
sample. The liquid alloy overflowed from the crucible. Such an
important reaction did not allow considering the DTA measure-
ments performed on this alloy composition. Other type of materi-
als crucible such as ZrO,, MgO or dense graphite could constitute
better candidates for high silicon enriched alloys.

3.1. U-4 at.% Si alloy

The eutectic temperature of transition ‘liquid = U3Si, + bcc-U’
was measured at 1267 + 3 K in this alloy. This temperature is 9 K
higher than the value proposed in the literature by Katz and Rabi-
nowitch [11]. This slight variation could be explained by the low
intensity of the eutectic transition observed on our DTA curves.
The liquidus transition was measured at 1340 +5 K. This value
was obtained at 20 K below the temperature extrapolated from
the phase diagram proposed by [4].

3.2. U-9 at.% Si alloy
The presence of a liquidus transition was not detected on the

DTA thermograms. The temperature of the eutectic transition ‘li-
quid = Us3Si; + bcc-U” was measured at 1261 + 3 K. This tempera-

1326
1324

132217

Temperature (K)

Melting point at thermodynamic
equilibrium

1318

Rate (K/min)

Fig. 2. Determination of the melting temperature of pure gold at the thermody-
namic equilibrium.

ture corresponds to the value proposed by Katz and Rabinowitch
[11]. The optical micrographs show a typical eutectic structure
(Fig. 3). SEM analyses show that the microstructure is more com-
plex (Fig. 4). In fact, the UsSi, precipitates are surrounded by a
layer made of the UsSi phase, itself surrounded by a phase with an-
other composition (which was not possible to determine by EDS).
This phenomenon could be explained by considering the phase dia-
gram. Indeed, after the eutectic crystallisation, SiUs forms by a
peritectoid transition from UsSi, grains. At a lower temperature,
the peritectoid transition ‘UsSi + bcc-U = tetra-U’ occurs. The phase
surrounded UsSi could be the tetragonal phase of uranium. Such
phase could also correspond to the bcc-U phase Si depleted by
the peritectoid reaction ‘UsSip + bcc-U = UsSi’. Although, due to
the high cooling rate, no transition was evidenced for these two
peritectoid transitions on the DTA thermograms. Such solid-solid
transitions are controlled by diffusion. Presence of these two
phases UsSi and tetra-U after a relative high cooling (20 K/min)
indicate high diffusion kinetic in these alloys.

3.3. U-46 at.% Si alloy
According to Vaugoyeau et al. [6], the composition of the liquid
during the eutectic transition ‘liquid = USi + UsSiy’ (on cooling) is of

46 at.% Si at 1813 K. The temperature of the eutectic transition was
measured at 1820 t 5 K. Considering the experimental uncertainty;

50 ym
[ —

Fig. 3. Microstructure of the U-9 at.% Si sample cooled at 20 k/min.

Us;Siz

WD= 24 mm
Phato No. = 58

Fig. 4. Details of the eutectic structure of the U-9 at.% Si alloy cooled at 20 k/min
revealed by SEM analysis.
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Fig. 5. DTA thermograms performed on U-46 at.% Si at different rate on heating.

this value is in very good agreement with the data of 1813 K pro-
posed by Vaugoyeau et al. [6]. Although, DTA analysis performed
on heating at different rates revealed the presence of a liquidus
transition at 1867 + 15 K (Fig. 5).

SEM analysis showed the presence of large primary crystallisa-
tion phase (Fig. 6) identified as UsSi, by EDS surrounded by an eu-
tectic zone (mainly constituted by USi with small precipitates). The
crystals of UsSi, primary phase are surrounded by a layer with a
measured composition of 46 at.% Si. This phase may correspond
to the UsSiy compound found by Noel et al. [7]. Considering the
present microstructure, the peritectic decomposition reaction
[UsSi; + liquid = UsSi4] is proposed. The analysis of the DTA ther-
mograms does not allow determining accurately the temperature
of this peritectic transition as the corresponding peak is not intense
enough to be discriminated from the eutectic one. The temperature

Eutectic
U,Siy

usi

Fig. 6. (a) SEM picture of the U-46 at.% Si sample cooled at 20 K/min. Magnification
of the (b) zone on the Fig. 6a.

of 1840 K measured by Kaufman at a composition between UsSiy
and UsSi, could correspond to this peritectic transition. From these
results, the following transitions are proposed for the 46% at. Si
alloy: the liquidus at 1867 £ 15 K, the peritectic reaction [UsSi, +
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Fig. 7. Calculated Si-U phase diagram with experimental data (this work).
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Fig. 8. Calculated Si-U phase diagram in the U enriched part with experimental
data (this work).
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Fig. 11. Calculated Si and U activities at 1723 K (this work). Comparison with
experimental data from Alcock and Grieveson [14].
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liquid = UsSiy4] at 1840K, and the eutectic reaction [liquid = U-
Si+UsSiy | at 1820+ 5 K.

4. Thermodynamic assessment

The calculated phase diagram is presented and compared with
the experimental data in Figs. 7 and 8. An overall good agreement
was obtained. However, the composition of the eutectic [liquid = -
SioUs + bee-U] is calculated at 13 at.% Si instead of 9 at.% Si as esti-
mated in the first part. In fact, it was impossible to find a set of
parameters that allows reproducing both the melting point of the
SioUs compound and the eutectic composition of 9 at.% Si. These
difficulties explain the large number of optimized excess parame-
ters in the liquid phase. A higher weight was given to the melting
point of Si;Us. New experimental measurements will be useful in
this part of the phase diagram.

For the thermodynamic data, the calculated enthalpies of for-
mation for all the compounds are listed in Table 1 and represented
in the Fig. 9. The calculated partial pressures of silicon are

10 | | 1 | | | I | |
\ A a(Si)- T=1723 K - Si pres.
4 a(U)- T=1723 K - Gold equ.
& a(Si)- T=1723 K - Condenser
0.8 \ 4 a(U)- T=1723 K - Condenser -
0.6 =
2
>
i
<
0.4 =
%A
0.2 =
A
{ 1 A A
0 T T T T T T T 1
@ 0 01 02 03 04 05 06 07 08 09 10
% atU

Fig. 12. Calculated Si and U activities at 1773 K (this work). Comparison with
experimental data from Alcock and Grieveson [14].
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Table 3
Optimized thermodynamic parameters for the Si-U system.
Phases Thermodynamic parameters (J/mol) References
Liquid (Si,U) G(liquid, Si)—°H3R — Gg." [17]
G(liquid, U)—°Hy® = G4 [17]
L) = —185537 +26.42T Optimized
Lisiy) = —98478 +53.79T Optimized
Ly) = +47133 - 16.79T Optimized
bee (Si,U);(Va)s G(bec, Si)—°H3ER — Ghe [17]
G(bce, U)—°Hy® = Gif* [17]
0 1 .
) L(Si.U)l(Va)3_ = —?&137 siamond thlmlzed
Tetragonal (Si,U) G(tetra,Si)—°Hg;" = Gg; + 5000 Fixed
G(tetra, U)—Hif® — GLemeond! [17]
L) = —78915.5 Optimized
DOC_SiU5(Si)(U)s G(DOC SiUs)—°Hg® — 3°Hi® = _ Optimized
—99727 —11.1T + Ggilgamond +3 GzlJthhorhombxc
D5A_SiyUs (Si)y(U)s G(D5ASiyUs) — 2°Hg X — 3°Hy® = ; Optimized
~171618 — 41.84T 42 Gglyzmond +3 Gi’rtharhom bic
Sl345U34 G(Siz45Us4) — 3.45°HER — 3.4°H® _ Optimized
(Si)3.45(U)3.4 —282080 — 34.99T + 3.45 Gliamond | 3 4 Gorthorhombic
Si U
C32_SisUs G(C32.SisUs) — 5°Hg™ — 3°Hy < = ; Optimized
(Si)s(U)s —343192 — 31.62T + 5 Gaiamond 3 gorthorhombic
C5_Si; gsU G(C5_Siy gsU) — 1.88°H3t —HyX = _ Optimized
(Si)r.s8(U); —124792 — 8.06T + 1.88 Gdiamond __ Gorthor hom bic
L12_SisU G(L12 SisU) — 3°Hg " —°Hyy* = ' Optimized
(Si)s(U); —131618 — 11.24T + 3 Giamend _ Gorthor hombic

compared to the experimental data from Alcock and Grieveson [14]
in Fig. 10. A good agreement is obtained.

The calculated activities of U and Si are compared with the
experimental data [14] at 1723 K in Fig. 11 and at 1773K in
Fig. 12. The plateaux correspond to the two-phase domains. Alcock
and Grieveson deduced the activities in the two-phase domains
using three different methods:

- Si and U activities from condenser experiments on U-UsSi,
mixtures;

- U activities from gold equilibration method (U activity is fixed
by a U-Au alloy);

- Si activities from Si pressures measurements on USis-Si
mixtures.

A good overall agreement is obtained except for the gold equil-
ibration results for which the calculated data are three times lower
than the experimental data. This discrepancy cannot be explained
as a very good agreement is obtained for Si partial pressures and
enthalpies of formation.

For the liquid, the calculated mixing enthalpy of —46.8 kj/mol
for 50 at.% Si at 2000 K is in good agreement with the estimations
of Miedema et al. (—48.6 kJ/mol) [16].

The optimized parameters are listed in Table 3.

A first version of the U-Si database is obtained which is in good
agreement with all the experimental data except for some U activ-
ities from Alcock and Grieveson [14]. The thermodynamic proper-
ties of the compounds are well known experimentally. The present
description may be improved by the experimental determination
of the following data:

- Liquidus temperatures for the whole system;

- The decomposition temperature of the U,Sis compound
(recently examined by Noel [7]);

- Additional activity measurements.

5. Conclusions

New measurements of liquidus temperatures have been carried
out on the U-Si system. The temperature of two eutectic reactions

was also confirmed in this work. Utilisation of Y,03_y crucibles is
suitable for silicon composition below 40-50 at.%. An assessment
of the thermodynamic data for all the phases of the U-Si system
is presented using the CALPHAD method. An overall good agree-
ment is obtained but future experiments would be necessary to
carry out, in order to fix the thermodynamic description of this
important system.
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