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INTRODUCTION

The present work has been carried out within the ISTC CORPHAD Project in order to
specify phase diagrams of corium-based systems and products of its interaction with NPP
materials. The availability of credible information about phase equilibria in such systemsis very
important for a consistent prediction of physicochemical phenomena taking place in a faulty
nuclear reactor during the core heatup and meltdown, molten pool formation and evolution, as
well as also in the cases of melt interaction with materials limiting its attitude position.

The metal-oxidic system U—Fe-O is one of the basic systems essential for the reliable
determination of phase ratios during the in-vessel retention of corium. Due to an extremely high
chemical activity of melts in the concentration domain of interest, such systems can be
investigated only in a neutral atmosphere or in the atmosphere with regulated partial pressure of
oxygen. In addition to the mentioned peculiarity, this system is prone to stratification /1/, asis
shown by the available data on binary diagrams, and by thermodynamic calculations. The
published sources contain no experimental data for the diagram concentration domain of interest.
These circumstances considerably complicate methodologies of melt preparation, manipulation
and investigation.

The present work was aimed at the experimental evaluation of liquidus and solidus
temperatures (T)iq and Tsy) for the compositions recommended by the CORPHAD collaborators,
and at identifying compositions of the liquids that coexist in the miscibility gap.

1. Publications review

Below one can find modern versions of phase diagrams of 3 binary systems (Figs. 1.1-1.4)
that form the ternary system in question.

Diagrams of just 2 types are given for the U-O system, though the number of published ones
is much greater. Fig. 1.1 shows a phase diagram for the U-UO, system constructed by Edwards
and Martin /2/.
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Fig. 1.1. Phase diagram of the U-UO; system according to /2/.

His diagram is peculiar because of the area of nonstoichiometric UO,. that widens with
the growth of temperature, and the area of liquids immiscibility. A very low solubility of oxygen
in liquid uranium attracts attention: for example, it is about 4 at.% at 2500° C.

The second version of a phase diagram of the U-UO; system (Fig. 1.2), constructed on
the basis of the data from Guinet et al /3/, practically coincides with the above-considered
diagram concerning the area of nonstoichiometric UO,.x existence, but differs from it by a high
solubility of O in liquid U (up to 40 at. % at 2300° C.
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Fig. 1.2. Phase diagram of U-UO; according to /3/
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In the diagram by Edwards and Martin (Fig. 1.1), an extensive gap in miscibility of two
liquids (L1 and L) stretches from 2.5 up to 65 mol. % UO,, and temperaturewise it is over 500
K. The diagram by Guinet et al. (Fig. 1.2) shows the immiscibility gap to be just 12 mol. % UO;
in terms of concentration, and temperaturewise the authors suppose it to be around 100 K.
Significant discrepancies in the experimental data concerning solubility of oxygen in molten
uranium are reflected in phase diagrams of the U-UO, system as different widths of the
immiscibility gap.

The binary diagram of the U-Fe system (Fig. 1.3) has been studied sufficiently long ago.
It is characterized by formation of two intermetallic compounds — U,Fe and UgFe, and by the
presence of two eutectics. According to the authors of /4/, the first compound melts
congruentially at 1235° C, while the second decomposes at 805° C. The shape of the liquidus
curve for the diagram area with the concentration of Fe above 12 mass % has not been
determined. No mutual solubility of components was observed in the system.
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Fig. 1.3. Diagram of the uranium-iron system according to /4/

The binary diagram of the Fe—O system, i.e. of a fundamental one for many metallurgical
processes, has been studied sufficiently well. High-temperature equilibria between metallic iron
and its oxides have been most comprehensively studied in /5/. The area of stratification stretches
from 0.4 up to 50 a. % O (Fig. 1.4). Note the insignificant solubility of oxygen in Fe, which
grows with the increasing temperature.
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Fig. 1.4. The Fe-O system under 1 atm, according to /5/

The Fe-O system has been studied fairly well and its phase diagram does not raise doubts at the
present level of experimental capabilities. At the same time, the diagrams of U-O and U-Fe
systems still contain quite a number of uncertainties. Therefore, experimental investigations of
the U-Fe-O system are of high importance.

2. Experimental methodologies and description of facilities

Measurements of Tjiq was performed by means of visual polythermal analysis in the cold
crucible (VPA IMCC). Determination of Tsy was made by the method of differential thermal
analysis (DTA) using the SETARAM analyzer. Compositions of the coexisting liquids were
determined using the results of the physicochemical analysis. Descriptions of the facilities and
experimental methodologies are given in /6/.

3. Description and results of tests

3.1. Analysis of initial charge materials

When preparing the test, the charge components were checked for the main substance and
impurities content, and the O/U ratio in the powdered urania was found to be 2.24 by
thermogravimetry /7, 8.

The composition of charge componentsisgivenin Tab. 3.1.
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Table. 3.1. Charge components

Main .
Components substance Impurities, mass % Notes
content, %
Si-0.0005; Mg-0.0001; Cu-0.0001;
Fe Fe>99.9 | Ni-0.019; Pb-0.0001; Zn-0,00028 | Fassport data
Fe<0.03; As<0.0003; Cu0<0.01; Passport data,
S?Wge;f/?tugzzé" m | UO,.>09.0 |Phosphates<0.002 thermogravimetry,
PerSvity = 40H 2247995 | Chlorides<0.003, Zr0,<0.9 XRF
U>97.0
U8 _-99.72 X RF and gamma-
U 2212 Zr<2.7 Fe<0.30 spectrometry
u*-0.28

It should be noted that the used metallic uranium contained metallic zirconium, and this could
affect equilibriain the investigated system.

3.2. Experimental matrix

All in all, 2 tests were made with crucible charge identical in composition. The test
CORD40 was a repetition of CORD36 because of the reasons stated below. The crucible charge

isgiveninTab. 3.2.

Table. 3.2. Crucible charge composition for CORD36 and CORD40

U Fe O
CORD Mass, g
mass%/at.%
36 632.7
90.9/60 7.1/20 2.0/20
40 602.0

3.3. Experimental procedures

The experimental procedures for Tjiq determination were identical and included:
- Charge materials preparation (metal cutting and powders calcination) and their thorough

mixing in argon.

- Furnace loading with the specified composition and its blasting with argon.
- Molten pool production and its superheating above Tjiq.
- Molten pool depth and bottom crust measurement.

ISTC PROJECT-1950.2 CORPHAD
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- Melt sampling.
- Lifting of the crucible with melt relative to the inductor, thus bringing the molten pool
above the inductor upper coil. This causes suppression of the meniscus that is

characteristic of the metal-oxidic systems, cooling down of the upper layers of the melt,
and solid phase formation at the melt surface.

- Repeated moving of the crucible with melt to a fixed position and videorecording of the
films/crusts formation process for Tjiq determination.

- Heating termination. Pool surface videorecording.
- Ingot extraction from the crucible for the subsequent analysis.

Brief descriptions of the performed tests are given below.
CORD36

After formation of the molten pool, two liquids were observed on its surface.
Temperature of the melt surface was measured by the spectral ratio pyrometer RAYTEK MR1-
SC. The pyrometer measures both the colour temperature and two brightness temperatures at 0.9
u 1.05 nm wavelengths.

While the colour temperature of the molten pool surface was approximately the same, the
brightness temperatures of different liquids varied. This phenomenon made it possible to find the
emissivity factor for the “oxidic” and “metallic” liquids (hereinafter used without inverted
commas) to be 0.49 and 0.23, respectively. Fig. 3.1 shows the surface of the oxidic, lighter
coloured part of the molten pool. The colour temperature was Tc=2618° C and the brightness
ones — T31=2199° C and T,,=2157° C. Fig. 3.2 presents the surface of the metallic, darker
coloured part of the molten pool. The colour temperature was Tc=2651°C and the brightness
ones—T;1=1947° C and T,,=1886° C.

Cord36
U-Fa-0
18, BE. Z@AS

Time =azk

Line e » 049
Parameter

Tc=25618,C

ri=2139,C

T2=2157,
Ou=-@, 88

£ [ 1=0.9mMm

| ,=1.05Mm

Fig. 3.1. Videoframe of the oxidic melt surface
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g »0.23
| 1=0.9 Mm

| ,=1.05Mm

Fig. 3.2. Videoframe of the metallic melt surface

Electrical characteristics of the high-frequency generator and history of the melt surface
temperature throughout the test are given in Fig. 3.3.

Samplel Sample2 Sample3 Cord 36
3000 . . . T 25
Tm ! : E
, -«— : + 20
O 2500 ! W
3 | e <
= T15 =
© i ] ~
T 2000 - ] <
3 [ > 10 2
o S 1 10
= | U, { 1
1500 - |
L i,5
T L T e L
0 400 800 1200 1600 2000 2400
Time, s

Fig. 3.3. History of the melt surface temperature (Tm), anode current (Ia) and anode
voltage (Ua)

During the tedt, Tiiq was measured twice by the VPA IMCC method and found to be
2472° C and 2492° C. Fig. 3.4 shows athermogram with videoframes of the molten pool surface
at Tiq measuring. The temperature scattering in the diagram is explained by a big amount of
aerosols, of iron in particular. Due to the impossibility of blowing aerosols away in the
pyrometer sighting area, it is recommended to take the maximum measured value, i.e. 2492° C,
as the value of Tjiq. Three rod samples of the melt were taken during the test. A big amount of
vapours and aerosols led to a plasma discharge. This served as a reason for decreasing the anode
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voltage, which led to the reduction of power in the melt and dropping of the molten pool surface
temperature.

Aerosol
influence

2500

2450

2400

Temperature,°C

2350

2300
2370 2371 2372 2373 2374 2375 2376 2377 2378 2379 2380 2381

Time, s

Fig. 3.4. Thermogram with the molten pool surface videoframes
CORD40

After the SEM/EDX examination of the ingot from CORD36 and analysis of thermal
processes in the induction system it became obvious that the reduction of power in the melt
during the test resulted in crystallization of the refractory phase on the pool bottom. In this
relation, it was decided to repeat the test in a way that would minimize its duration and influence
on the melt by excluding the pool depth measurements and melt sampling.

Electrical characteristics of the high-frequency generator and history of the melt surface
temperature throughout the test are given in Fig. 3.5. Asin CORD36, two liquids were observed
at the molten pool surface in thistest.
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Fig. 3.5. History of the melt surface temperature (Tm), anode current (la) and anode

voltage (Ua)

Tiiq was measured once during the test. A thermogram with videoframes of the molten

pool surface is presented in Fig. 3.6.

2800

CORD 40

2700

Tmel

w
/

2600

2500

2400

Temperature, °C

2300

2200 -

2100 -

2000 \ \
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Time, s

1362 1364

Fig. 3.6. Thermogram with the molten pool surface videoframes
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The measured Tiiqg was 2515° C. The fact that this value exceeds the value obtained in
CORD36 is obviously due to differences in the molten pool composition.

3.4. Posttest analysis

A number of physicochemical investigations were carried out for determining
composition of the liquids coexisting in the melt and for studying the path of crystallization.

3.4.1. Ingots macrostructure

After the tests, the furnaces were disassembled, ingots extracted and cut longitudinally.
One half of the ingot was used for making a microsection for SEM/EDX analysis, and from the
other one (refers to CORD40 only) samples were taken for XRF, chemical analysis, bottle
density determination and oxygen content determination by means of carbothermal reduction
(CTR).

Fig. 3.7 showsthe longitudinal section of the ingot from CORD36.

Fig. 3.7. Longitudinal section of theingot from CORD36

In CORD36, there was a UO,-rich layer at the pool bottom.
In CORDA40, the oxidic part was located at the pool surface as athin layer.
Fig. 3.8 shows the longitudinal section of the ingot from CORD40 and the pattern of

sampling for XRF, chemical analysis, bottle density determination and CTR. Figures in the
diagram refer to the samples for XRF.

ISTC PROJECT-1950.2 CORPHAD
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Chemical analysis
CTR
XRF

Bottle density

OorX

Fig. 3.8. Longitudinal section of theingot from CORD40 and sampling pattern

3.4.2. Densities of the oxidic and metallic parts of the corium ingot

In order to calculate masses of the oxidic and metallic parts of the ingot with the aim of
making up the per-element mass balance, bottle densities were determined for the parts and the
volumes were calculated from their areas in the longitudinal section (supposing axial symmetry).
Calculations were made using the formula 3.1.

m=Vsr (31)
where mis the mass of the oxidic/metallic part, g;

V is the volume of the oxidic/metallic part, cm?;

r is bottle density of the oxidic/metallic part, g/cm®.

Densities of the metallic and oxidic parts were determined according to the technique
described in /17/. Locations of samples taking for analytical purposes are shown in Fig.3.8.
High-purity ethyl alcohol was used as the liquid for the bottle method.

The bottle density of the metallic part from CORD40 was 15.4 g/cm® under normal
conditions, and the volume was 34.44 cm®. The oxidic part had a density of 11.9 g/lcm® and its
volume was 3.33 cnr'.

The bottle density evaluation error was +2 %.

3.4.3. Material balances of thetests

In order to make up material balances of the tests, the initial charge components and
fused products were weighed with accuracy up to 0.1 g.

Material balances of CORD36, 40 are given in Tab. 3.3.

ISTC PROJECT-1950.2 CORPHAD
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Table. 3.3. Material balances of CORD36, 40

CORD Introduced into themelt, g Collected, g
UO2.24 98.4 I ngot 541.6
U 489.3 Corium from probe 10.3
Fe 45.0 Spillages 7.5
Rod samples 49.3
36
Aerosols 1.3
Crusts 19.4
)Y 632.7 X 629.4
Debalance 33
U 465.4 I ngot 570.0
Fe 42.8 Spillages 29.9
40 UOz.24 93.8
)Y 602.0 X 599.9
Debalance 21

The aerosols collected during CORDA40 did not exceed 0.1 g, therefore their mass was not
taken into account when making up the material balance. Insignificant values of debalances (0.5
and 0.3%, respectively) confirm representativity of the conducted investigations.

3.4.4. X-ray fluorescence (XRF) analysis

The elemental composition of samples from CORD40 was determined by the XRF
method using the SPECTROSCAN MAX-GV /16/. It is evident from Fig. 3.8 that the separation
into the oxidic and metallic parts occurred, therefore samples representing flat, ground plates ~
10" 15 mm? were cut from the characteristic zones (zones |, 11, I11) of the ingot. All the works on
samples preparation for the analysis were performed in argon.

For analyzing the oxidic part (zones|, |1, Fig. 3.8), atechnique of compacted pellets was
applied to the preparations. Two-layer pellets composed of a mixture of uranium and iron oxides
taken in different proportions were fused by the IMCC method in a small crucible to serve as
calibration samples. The results of analyzing the ingot oxidic part (zones I, 11) can be found in
Tab. 3.4.

Quantitative analysis of the metallic part (zone IlI, Fig. 3.8) employed the method of
fundamental parameters (MFP), the choice of which is explained in the first place by the absence
of calibration (standard) specimens. The method is based on the use of theoretical dependences
that describe physical processes of X-ray fluorescence excitation in a sample and subsequent
registration of this radiation by spectrometer. This method allows calculation of concentrations
of virtually any set of the determinable elements in the studied sample without the use of any
comparative (calibration) specimens. In this case, the total elements resulting from calculation of
the main elements content should make 100%. Accuracy of the standards-free analysis of alloys
and simple mixtures reaches 5 relative %. According to the results of CTR analysis, the content
of oxygen in the metallic part of the ingot (zone I11) was 0.8+0.07 mass % (see Tab. 3.28). The
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spectrometer-nonidentifiable oxygen was specified according to the CTR results, and then the
total elements were taken as 100% in calculations. Tab. 3.4, zone I11-1, contains the XRF data for
the metallic part obtained by MFP. Analysis of the data has shown differences in the cationic
composition in comparison with the results of EDX and chemical analyses. In order to specify
the composition, the metallic plate was fully oxidized (zone Il1, Fig.3.8). The sample was
oxidized within 3 hours by heating it up to 1100° C in air, and then crushed in the vibrating mill
down to particles sized <50 um. The powder was pressed into a pellet and analyzed by the
SPECTROSCAN MAX-GV spectrometer using oxidic calibration specimens. Tab. 3.4, zones
[11-11, offers the XRF data for the oxidized metallic part, and for zone Il these data were
renormalized taking the oxygen determined by CTR into account.

Table. 3.4. XRF data for samplesfrom CORD40

Content, mass % Content, at.%
Sample )
U Fe Zr (0] U Fe Zr (0]
%) 1o
Zone |” (without 882 | 08 | 30 | 80 | 404 | 16 | 35 | 545
globules)
)R
Zonel™ (with 866 | 28 | 26 | 80 | 386 | 53 | 30 | 531
globules”)
Zonel, average 87.4 1.8 2.8 8.0 39.5 35 3.3 53.8
Zonell? 875 | 1.9 2.6 80 | 395 | 36 31 | 538
Zonelll-l 896 | 80 1.6 08 | 641 | 244 | 30 8.5
ZonelI1-11? 771 | 65 20 | 1449 | 238 | 85 1.6 | 66.1
Zonelll 893 | 76 2.3 08 | 642 | 230 | 43 8.6
T _ oxygen was specified according to the results of CTR analysis.
9 _seeFig. 38.

3)
4)
5)

—seeFig. 3.24, region 5-1-2 and Tab. 3.21, SQ3.
—oxidized metalic part.
— determined from residue.

It is evident from Tab. 3.4 that the distribution of iron in the oxidic part is nonuniform
both along the ingot height and radius.

To make up the per-element material balance (see Tab. 3.5) for the metallic part, the

normalized data from the ‘Zone III’ line were taken. The averaged results of Zone | analysis
were taken as the data for the oxidic part.

Table 3.5. Elemental material balance for CORDA40 according to XRF data

M ass of the M als: o;tthe Collected, g
ingot oxidic got
Elem | Introduced, 2 o metallic D
ent i) part™, g art? o | Oxidic | Metallic 9
9 densit part’, g Total, g
4 density, | Part,g | part,g
g/cm 3
g/cm
U 506.06 34.93 473.65 508.57 +2.51
Fe 42.80 0.32 40.31 40.63 -2.17
Zr 12.98 39.6/11.9 530.4/15.4 1.19 12.20 13.39 -0.41
©) 8.16 3.17 4.24 7.41 -0.75
) —introduced into the melt, the spillages (m=29.9 g) and debalance (m=2.1 g) included.
2 _ masses of the oxidic and metallic parts were calculated on the basis of their densities and volumes (see
Sect. 3.4.2).
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The uranium and iron debalance (see Tab. 3.5) is approximately +2.5 g. This sufficiently
small quantity determined by errors of determining masses of the oxidic and metallic parts of the
ingot (£10 g) and by the procedura error.

The error of determining the content of U, Zr and Fe by XRF was 5 relative %.

3.4.5. Chemical analysis

The melt rod samples from CORD36 and the samples prepared from the ingot from
CORDA40 were analyzed for the content of U and Fe.

The rod samples from CORD36 were separated into two parts (see Fig. 3.9), the top and
bottom ones. Then each of them was crushed down to particles sized 100 um, quartered, and
further ground into particles sized no more than 50 um.

Sample top

}7 Sample bottom

Fig. 3.9. Principle of rod samples preparation for chemical analysis (CORD36)

The ground corium batch of 0.1 g was dissolved in a mixture of concentrated
orthophosphoric and sulphuric acids (1:2) in argon, and then the determination of iron content
was done by photocolorimetry with orthophenanthroline /9, 10/, while that of uranium — with
arsenazo 11 /11, 12/.

Small pieces up to 0.5 g were chosen for chemical analysis from both bottom and top parts
of the ingot from CORDA40 (see Fig. 3.8).. All the works on samples preparation for the analysis
were performed in argon.

For the samples from CORD40 a new analytical technique has been applied. It made it
possible 1) to increase the studied sample mass, and 2) to avoid the laborous preliminary sample
grinding down to 50 um. The 0.1 - 0.5 g samples chosen from the ingot were fused with
(3.0£0.5) g of potassium pyrosulfate at 900+25° C until obtaining a transparent fusion cake,
which was later dissolved in 200 — 250 ml 1M solution of sulphuric acid. Then the determination
of iron content was done by photocolorimetry with orthophenanthroline /9, 10/, of that of
zirconium — with xylenol orange / 13, 14, 15/, and of uranium — with arsenazo 11 /11, 12/.

Tab. 3.6 presents the results of chemical analysis of the samples from CORD36, 40.
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Table 3.6. Results of chemical analysisfor CORD36, 40

Content, mass% Content, at.%
8 E Sample >
U Fe Zr (0) U Fe Zr (§)
Rod sample 1(top) 88.2 | 10.0 - 1.8 56.0 | 27.0 - 17.0
Rod sample 1 (bottom) 747 | 23.9 - 1.4 378 | 51.6 - 10.6
360 Rod sample 2 (top) 859 | 13.0 - 11 | 545 | 351 - 104
Rod sample 2 (bottom) 769 | 214 - 1.7 398 | 47.2 - 13.0
Rod sample 3 (top) 858 | 14.0 - 0.2 578 | 40.2 - 2.0
Rod sample 3 (bottom) 81.7 | 158 - 25 439 | 36.2 - 19.9
Ingot (oxidic part) 923 | 10 | 20 | 47 | 538 | 25 | 3.0 | 407
Ingot (oxidic part)?
with correction for oxygen | 89.1 | 1.0 1.9 80 | 410 | 20 23 | 548
Ingot (metallic part) 896 | 7.7 2.1 06 | 6565 | 240 | 40 6.5
40 | Ingot (metallic part)® with

correction for oxygen 89.4 | 7.7 2.1 08 | 640 | 235 | 3.9 8.5

U=

] +2_ | hot 17.7

Zone 1119 3%-,4_’ P = | identi (inc. - - - -

o %0 ] fied | 20

42.9

D _Zr was not analyzed

2 .0 determined from the residue

% _ oxygen specified according to the results of CTR analysis, and data on the main elements renormalized.
* — oxidized metallic part.

The oxidized metallic plate (zone Il1, Fig. 3.8) has also been subjected to chemical
analysis in order to determine the final degree of uranium oxidation after oxidation of the
sample, and to confirm reliability of the XRF results.

To make up the per-element material balance (Table 3.7) the data for the oxidic and
metallic parts were used, to which a correction for oxygen had been applied taking into account
the results of CTR (see Sect. 3.6).

Table 3.7. Per-element material balance for CORDA40 according to chemical analysis

M ass of the Mass of the Collected, g
£l Introduced ingot oxidic ';%?It.
em | Introduced, | = or2 g metallic Oxidic Metallic | . D, g
ent g density, part”, o part, g part, g g
glem® density,
g/em?
U 506.06 35.29 474.33 509.62 +3.55
Fe 42.80 0.38 40.76 41.15 -1.65
39.6/11.9 530.4/15.4
Zr 12.98 0.76 11.12 11.88 -1.10
0] 8.16 3.17 4.19 7.36 -0.80

D _introduced into the melt, the spillages (m=29.9 g) and debalance (m=2.1 g) excluded.
— masses of the oxidic and metallic parts were calculated on the basis of their densities and volumes (see Sect.
3.4.2).

2)
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It is evident from Tab. 3.7 that concerning the main elements, debalance does not exceed 3 g.

The error of U determination by photocolorimetry was 5 relative %, and that for Zr and
Fe— 3 relative %.

3.5. SEM/EDX analysis

Microstructure and elemental composition of the samples were studied by means of
scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDX).

The SEM study employed the ABT-55 scanning electron microscope, and the OxfordLink
microprobe attachment was used for the elemental analysis of the samples’ regions marked for
examination.

The spectral characteristic was taken for each sample for determining its integral
composition and that for each separate phase. The quantitative analysis was made by comparing
spectral intensity of the reference (superpure, specially prepared substances) and studied
samples. The used references of U, Zr, Cr, Fe, Si, Ca, Ni were a part of the Link microprobe
attachment set.

The threshold of reliable element identification depends on its sequential number in the
Mendeleyev’s periodic table and varies from 0.3 to 0.5 mass %. Detection of smaller quantities
of elementsis unreliable.

The EDX analyzer of the ABT-55 microscope is insensitive to light elements (to oxygen,
for instance), therefore the quantity of oxygen was determined with this instrument from the
mass deficiency and the error was ~5 mass %.

After the tests, the ingots were cut along the axis, and polished sections were produced
from the halves or quarters. Melt samples represented 0.5 — 1.0 mm-thick plates quenched on the
massive rod cold surface. Thin sections were prepared from cross-sections of the plates. Then
thin sections were examined by SEM and the coexisting phases analyzed.

CORD36

The results of SEM/EDX analysis of rod samples from this test are given in Figs. 3.10-
3.12 and in Tabs. 3.8-3.10. The ingot itself with the regions marked for SEM/EDX analysis is
shown in Fig. 3.13, while the marked regions and the SEM/EDX results are presented in Figs.
3.14-3.18 and in Tabs. 3.11-3.15.

All samples have a fine-grained structure characteristic of the conditions of fast
guenching. A small amount of rounded darker inclusions has been noticed in the microstructure
of sample 1 (Fig. 3.10, region 1-1), and this can be an evidence of the melt stratification. The
presence of two liquids were visible in the course of the test. The existence of two liquids is
confirmed by the differences in bulk composition of regions (Table 3.8).
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Fig. 3.10. Micrographs of specimens selected from sample No.1, CORD 36

Table 3.8. EDX data for specimens selected from sample No.1

No. U Zr Fe (@)
mass% | 87.02 | 1.13 | 955 | 2.30
?g?l mol.% | 52.78 | 1.79 | 24.68 | 20.75
P mol.% | 66.60 | 2.26 | 31.15 -
mass% | 67.59 | 0.77 | 30.00 | 1.64
SQ2  Mol96 | 3046 | 091 | 57.63 | 1.00
bottom

mol.% | 34.23 | 1.02 | 64.75 -

The presence of Zr is explained by its presence in the initial U reagent.
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Fig. 3.11. Micrographs of specimens selected from sample No.2, CORD 36

Table 3.9. EDX data for specimens selected from sample No.2

No. U Zr Fe (@)
mass% | 73.69 | 0.79 | 23.77 | 1.75
?21 mol.% | 36.28 | 101 | 49.80 | 12.82
P mol.% | 41.61 | 1.16 | 57.22 -
mass% | 87.58 | 0.75 | 10.01 | 1.66
SQ2  Molo | 55.82 | 1.25 | 27.19 | 15.74
bottom
mol.% | 66.25 | 1.48 | 32.27 -
mass% | 90.76 | 1.13 | 6.93 | 1.18
P1 mol.% | 64.46 | 2.09 | 20.98 | 12.47
mol.% | 73.64 | 2.39 | 23.97 -
mass% | 85.47 | 0.87 | 12.35 | 1.31
P2 mol.% | 5346 | 1.42 | 32.93 | 12.19
mol.% | 60.89 | 1.62 | 375 -
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Fig. 3.12. Micrographs of specimens selected from sample No.3, CORD 36

Table 3.10. EDX datafor specimens selected from sample No.3

No. U Zr Fe (@)
mass% | 80.36 | 0.84 | 17.12 | 1.68
?gl mol.% | 4452 | 121 | 4042 | 13.85
P mol.% | 5167 | 141 | 46.92
masY% | 77.24 | 0.99 | 19.14 | 2.63
SQ2  "1ol9% | 3852 | 1.29 | 40.68 | 1951
bottom

mol.% | 47.86 1.6 50.54

All the SEM/EDX results evidence of different character of crystallization of phases in
the selected specimens and of their different ratio (Tabs. 3.8-3.10).

Fig. 3.13 shows the analyzed regions of the ingot thin section. One can see a clear
boundary that conventionally separates the ingot into two parts, the top and a smaller bottom
one.

Fig. 3.13. Axial section of the ingot from CORD36 (Tiq=2492°C) with regions marked for
SEM/EDX analysis
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The bottom part of the ingot was rich in rounded inclusions of UO,. (Fig. 3.14, Tab.
3.11, points P2, P6) seen against the background of the metallic matrix. Their rounded shape
indicates crystallization with subsequent interaction with liquid melt. Thus, it may be supposed
that at the moment of HF heating termination, this layer was liquid-solid. The metallic matrix is
apparently composed of UFe, and UgFe intermetallides (Fig. 3.14, Tab. 3.11, points P3 and P1),
aswell as of athin structure that reminds the eutectics (Fig. 3.14, region 1-4-2 (SQ6)).
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Fig. 3.14. Micrographs of region 1 in theingot bottom part, CORD 36

Table 3.11. EDX datafor region 1 of theingot

No. U Zr Fe O
mass¥ | 8834 | - 757 | 4.09
SQ1* mol.% | 4868 | - | 17.78 | 33.53
mol.% | 7325 | - | 26.75
SQ2x mass% | 87.92 | - 10.96 | 1.12

25
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No. U Zr Fe )

mol.% | 5811 | - | 3088|1101
mol.% | 6530 | - | 3470

mass¥ | 8437 | - 14.07 | 1.56

SQ3*  |mol.% | 5036 | - |3579]13.85
mol.% | 5845 | - | 4155

mass¥ | 84.07 | - 1456 | 1.37

SQ4* | mol.% | 5049 | - | 37.27| 1224
mol.% | 5753 | - | 4247

mass% | 8845 | 0.8 | 6.23 | 4.52

SQ5 mol.% | 47.98 | 1.13 | 14.4 | 36.48
mol.% | 7554 | 1.78 | 22.68

mass% | 835 | 1.35 | 1371 | 1.44

SQ6 mol.% | 50.04 | 2.11 | 35.02 | 12.84
mol.% | 57.41 | 2.42 | 40.17

mass% | 9507 | - 378 | 1.15

P1* mol.% | 7411 | - | 1256 | 13.34
mol.% | 8551 | - | 14.49

mass% | 9224 | - - 7.76

p2* mol.% | 44.41 - - 55.59
mol.% | 100 - -

mass% | 64.07 | 2.59 | 32.28 | 1.06

P3 mol.% | 2858 | 3.01 | 61.37 | 7.03
mol.% | 30.74 | 3.24 | 66.02

mass¥o | 64.21 | 2.31 | 32.08 | 1.40

PA mol.% | 2819 | 2.65 | 60.02 | 9.14
mol.% | 31.02 | 2.91 | 66.06

mass% | 835 | 1.35 | 1371 | 1.44

P5 mol.% | 50.04 | 2.11 | 35.02 | 12.84
mol.% | 57.41 | 2.42 | 40.17

mass% | 92.15 | 0.64 - 7.21

P6 mol.% | 45.83 | 0.83 - | 5334
mol.% | 98.22 | 1.78 -

mass% | 60.78 | 3.14 | 3471 | 1.37

P7 mol.% | 25.61 | 3.45 | 62.34 | 8.59
mol.% | 28.02 | 3.78 | 68.2

mass% | 61.35 | 2.62 | 3459 | 1.44

P8 mol.% | 25.88 | 2.88 | 62.2 | 9.04
mol.% | 2845 | 3.17 | 68.38

mass% | 9.62 | 89.26 | - 1.12

P9 mol.% | 3.71 | 89.86 | - 6.43
mol.% | 397 | 96.03| -

*) Zr excluded from calculation.
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It should be noted that zirconium crystallized in the ingot bottom part both as individual
inclusions (Fig. 3.14 and Tab. 3.11, point P9) and as part of UFe; and UgFe intermetallides in the
form of a solid solution.

Microstructurally, the ingot top part is apparently composed of UFe, and UgFe
intermetallides (Fig. 3.14 and Tab. 3.11, points P4 and P1) in the form of well-shaped grains
with eutectics in between (Fig. 3.14 and Tab. 3.11, region 2-2-1-1(SQ2)).
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2-2-1-1(SQ2) 2-1-1-2
Fig. 3.15. Micrograph of region 2 in theingot top part, CORD 36
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No. U Zr Fe O
mass% 87.36 | 0.67 | 10.39 | 158
QL Mmol % 55.68 | 1.11 | 28.23 | 14.98
mol.% MeO, | 65.49 | 1.31 | 33.20
mass% 86.05 | 1.04 | 11.59 | 1.32
SQZ "ol % 5453 | 1.72 | 31.31 | 12.44
mol.% MeO, | 62.28 | 1.96 | 35.75
mass% 9466 | - | 387 | 147
Pl 'mol.% 7116 | - | 12.40 | 16.44
mol.% MeO, | 85.16 | - | 14.84
mass% 8168 | - | 17.02| 130
P2 "mol.% 47.06 | - | 4180 | 11.14
mol.% MeOy | 52.96 - 47.04
mass% 88.89 | 3.05 | 6.67 | 139
P3  "mol.% 60.90 | 545 | 19.48 | 14.17
mol.% MeOy | 70.95 | 6.35 | 22.69
mass% 62.99 | 3.12 | 3259 | 1.30
P4 "mol.% 27.46 | 355 | 60.56 | 8.43
mol.% MeOy | 29.99 | 3.88 | 66.13
mass% 85.07 | 144 | 1210 | 1.39
PS5 mol.% 52.81 | 2.33 | 32.02 | 12.84
mol.% MeOy | 60.59 | 2.68 | 36.73

Region 3 of the ingot (Fig. 3.16) was located approximately in the middle of the top part.
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Fig. 3.16. Micrograph of region 3 in theingot top part, CORD 36

Table 3.13. EDX datafor region 3

No. U Zr Fe O
mass% | 88.17 | - | 1026 | 157
R 'mol% | 5679 | - | 2817 15.04
mol.% | 66.85| - |33.15 -
mass% | 86.71 | 1.00 | 10.37 | 1.92
Q2 Mmol% | 5350 | 161 | 27.27 | 17.62
mol.% | 64.94 | 1.95 | 33.10 -
mass% | 91.60 | 0.63 | - 7.77
Pl 'mol% |4386| 079 | - | 5535
mol.% | 98.24 | 1.76 - -
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Region 3, like the bottom part of the ingot, was found to contain rounded inclusions of
UO, (Fig. 3.16 and Tab. 3.13, point P1).

Region 4 of the ingot upper part is obviously also a mixture of UFe, and UgsFe
intermetallides (Fig. 3.17 and Tab. 3.14, points P2 and P1) in the form of well-shaped grains
with eutectics in between (Fig. 3.17, fragments of region 4-1).
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Fig. 3.17. Micrographsof region 4 in theingot top part, CORD 36
Table 3.14. EDX datafor region 4
No. U Zr Fe O

mass% | 85.64 | 1.26 | 11.45 | 1.65
SRl 'mol% | 5277 | 2.03 | 30.07 | 1513
mol.% | 62.18 | 2.39 | 3543

mass% | 945 | - 3.89 | 161
Pl Mol% | 6998 - | 1228 17.74
mol.% 85.07 - 14.93

mass% | 61.99 | 242 | 3426 | 1.33
P2 "molo% | 2648 | 27 | 6237 | 845
mol.% | 28.93 | 2.95 | 68.13

Region 5 in the ingot top part was similar to the ones described above with one exception
that UsFe intermetallide segregated here as light-coloured extended strips (Fig. 3.18).
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Fig. 3.18. Micrograph of region 5in the ingot top part, CORD 36

Table3.17. EDX datafor region 5

No. U Zr Fe O
mass% | 85.14 | 1.14 | 11.49 | 2.23
R Mmol% 50 | 1.75 | 28.76 | 19.49
mol.% | 6211 | 217 | 35.72

CORD40

Fig. 3.19 shows the axial section of the ingot with regions marked for investigation. Here
one can also clearly see two layers, the upper and lower ones, but in contrast to the previous test
(Fig. 3.13) the lower layer is more metal-rich and occupies a much bigger volume.

ISTC PROJECT-1950.2 CORPHAD



32

Fig. 3.19. Axial section of theingot from CORDA40 (Ti;=2515°C) with regions marked for
SEM/EDX analysis

The results of SEM/EDX analysis for the studied regions are given in Figs. 3.19-3.31 and
in Tabs. 3.16-3.26.

The ingot top part was found to have a layer containing much oxygen (oxide-rich).
Microstructure of its separate regions is presented in Figs. 3.20, 3.21, 3.24, 3.25 and 3.28.

Microstructure of this layer upper part is highly porous (Fig. 3.20, regions 1-1 and 1-2)
and is practically identical to a structure that can be observed after the monotectic decomposition
of alight refractory liquid in the U-O system /6 /. The main phases of this layer are UO,., and U
(Fig. 3.20 and Tab. 3.16, SQ3, SQ4, points P1 and P3, respectively). Iron is virtually absent in
this layer (Fig. 3.20, region 1-1-1 and Tab. 3.16, region SQ2). At the same time, the boundary
area features metal-rich globules that accumulate about 2 mol. % Fe (Fig. 3.24, region 5-1-2 and
Tab. 3.20, SQ3). The presence of Zr in the sample is explained by its presence in the initial U
reagent and UO..24 (see Tab. 3.1)
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1-1-1 (SQ2) 1-1-1-1

Fig. 3.20. Micrographsof region 1 in the upper part of theingot top layer, CORD 40;
black rounded formations are pores
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Table 3.16. EDX datafor regions 1

No. U Zr Fe ~0
mass% 84.17 | 1.61| 0.34|13.89
SQL "ol % 2840 | 1.42 | 0.4869.70
mol.% MeO, | 93.72 | 468 | 1.60
mass% 85.58 | 1.54 “112.88
SQ2 Mmol% 30.44 | 1.43 | 68.14
mol.% MeO, | 95.52 | 4.48 -
mass% 87.43 | 1.00 11157
SQ3 "ol % 33.34 | 0.99 -1 65.66
mol.% MeO, | 97.11 | 2.89 -
mass% 91.61 | 2.23 | 6.16
SQ4 Mmool % 48.46 | 3.07 _ | 48.47
mol.% MeO, | 94.04 | 5.96 -
mass% 87.30 | 0.67 “112.04
Pl ["mol.% 32.56 | 0.65 - 166.79
mol.% MeO, | 98.05 | 1.95 -
mass% 92.81 | 0.84 -] 6.35
P2 Mmol.% 48.97 | 1.16 _ | 49.87
mol.% MeO, | 97.69 | 2.31 -
p3 | mass% 98.68|0.75| 057 -
mol.% 95751 190| 2.34 -

The lower part of the oxide-rich top layer is less porous and includes globules of the
second liquid (Fig. 3.21, regions 2 and 2-1; 3.22, regions 5-1-1 u 5-1-2) that apparently contains
UgFe (Tab. 3.17, SQ3, points P2 and P3), a small quantity of UFe, (Tab. 3.17, points P9 and
P10) and the phase of a ternary intermetallic compound (Tab. 3.17, point P6). Formation of the
latter was determined by presence of Zr in the sample. Such globules may be either a result of
the secondary separation from the oxidic liquid at reaching the monotectic temperature by the
melt (when the melt cools down), or a consequence of the temperature gradient under the

experimental conditions/18/.

ISTC PROJECT-1950.2 CORPHAD



2-1-2 (SQ2)

2-1-2-1-1

ISTC PROJECT-1950.2 CORPHAD




36
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Fig. 3.21. Micrograph of region 2 in the lower part of theingot top layer, CORD 40
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No. U Zr Fe ~0
mass% 8428 1.19| 1511302
QL Mol.o% 2031| 1.08| 223|67.38
mol.% MeO, | 89.86| 3.30| 6.84
mass% 88.01| 1.10| 207| 882
SQ2 (Mol % 3812 | 124| 3825682
mol.% MeO, | 88.28 | 2.87| 885
sQ3 | mass% 0244 1.14| 6.42 :
mol % 75.29 | 2.42 | 22.29 :
mass% 86.90| 1.18 ~111.93
PL "mol.% 3249 115 -166.36
mol.% MeOy 96.59| 341 -
Py | mass% 95.45| 0.50| 4.05 -
mol % 8371| 1.14] 1515 :
p3 | Mass% 95.34| 048] 4.19 -
mol % 83.32| 1.09| 1559 -
P4 mass%o 95.90 -1 4.10 -
mol.% 84.59 - 11541 -
p5 | Mass% 95.43| 0.32| 4.25 -
mol % 83.43| 0.72] 1585 -
mass% 75.05| 7.76 | 14.41| 2.79
P "mol.% 37.87 | 10.21 | 30.99 | 20.93
mol.% MeO, | 47.89 | 12.92 | 39.19
mass% 7489 | 7.62|14.45| 3.04
P7 "mol.% 37.16 | 9.86 | 30.56 | 22.42
mol.% MeO, | 47.90 | 12.71 | 39.39
mass% 87.01| 0.75 11224
P8 "mol.% 32.09| 0.72 167.19
mol.% MeOy 97.81| 2.19 -
pg | Mass% 57.20| 6.13 | 36.66 -
mol % 24.93| 6.97|68.10 -
P10 | Mass% 55.70 | 7.05| 37.25 -
mol % 2392| 7.90|68.18 -
mass% 3327 | 5227 | 321|11.25
P11 Mol % 0493889 391|47.72
mol.% MeO, | 18.14 | 74.39 | 7.47

Fig. 3.22 presents the upper peripheral part of the ingot bottom layer and the boundary
region. Uneven distribution of phases is visible here. The bottom layer of the boundary region
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(3-2, 3-3) features globules that contain UO.,. (Tab. 3.18, SQ3, SQ4) and, possibly, U and UsFe
(the points were not analyzed). Thus, the composition of globules in the bottom layer of the

boundary region is similar to the total composition of the oxide-rich upper layer (Tab. 3.16, SQ1
and 3.18, SQ4).

3-1-1 (SQ2)

I
3-2-2 (SQ5)
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Fig. 3.22. Micrograph of region 3 in the bottom layer and boundary region of theingot,

CORD 40

Table 3.18. EDX datafor region 3

No. U Zr Fe ~0
so1 mass% 89.36| 0.74| 9.90 -
mol.% 66.95| 1.45]|31.60 -
02 mass% 86.12| 1.17|12.72 -
mol.% 60.07 | 2.12| 37.80 -
mass% 8756 | 142| 1.26| 9.76
SQ3 | mol.% 36.21| 1.53| 2.21|60.05
mol.% MeOx | 9062 | 3.84| 554
mass% 86.90| 1.44| 0.66|10.99
SQ4 | mol.% 3381 | 1.47| 1.10|63.62
mol.% MeOx | 92.95| 4.03| 3.02
SQ5 | mass% 87.38| 1.43| 0.33|10.87
mol.% 34.38| 1.46| 0.55|63.61
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No. U Zr Fe ~O

mol.% MeOx | 94.46 | 4.02| 152

mass% 83.94| 1.08| 1.55|13.43
SQ6 | mol.% 2864 | 096| 2.25|68.15

mol.% MeOx | 8991 | 3.03| 7.07

mass% 85.98| 1.32| 0.88|11.82
SQ7 | mol.% 31.96| 1.28| 1.39|65.37

mol.% MeOx | 9229 | 371| 4.01

mass% 85.46 | 1.47| 1.24|11.83
SQ8 | mol.% 3159 | 142| 1.95|65.04

mol.% MeOx | 90.36| 4.06| 5.58

mass% 86.45| 1.23| 1.67|10.64
SQ9 | mol.% 3388 | 1.26| 2.79|62.07

mol.% MeOx | 8931 | 332| 7.37
5010 mass% 90.02| 0.83| 9.15 -

mol.% 68.62 | 1.66|29.73 -
so11 mass% 89.94| 081| 9.25 -

mol.% 68.40 | 1.61|29.99 -

mass% 88.12| 0.88| 8.00| 3.00
SQ12 | mol.% 52.08| 1.36|20.14 | 26.41

mol.% MeOx | 70.78 | 1.85 | 27.37

mass% 90.21| 0.94| 804| 081
SQ13 | mol.% 64.91| 1.77|24.66| 8.66

mol.% MeOx | 71.06 | 1.94 | 27.00

Region 4, marked in the ingot (Fig. 3.19), and its microstructure (Fig. 3.23) show a
picture that is similar to the previous one. Like in region 3, here one can see globules that are
characteristic of the top layer of the lower liquid (Fig. 3.22, region 3-3-1 or 3-6-1).

Fig. 3.23. Micrograph of region 4 in the top part of theingot bottom layer, CORD 40
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Table 3.19. EDX datafor region 4

No. U Zr Fe ~0

mass% 87.76| 0.88| 852 | 2.84
SQ1 | mol.% 52.03| 1.37 | 2152 25.09

mol.% MeOx | 69.45| 1.82 | 28.73

Region 5 of the ingot occupies all of its top layer and the boundary region between the
layers (Fig. 3.24). Well visible is the upper porous part of the layer that contains no iron (Tab.
3.20, SQ2), then goes the boundary region of the upper layer with metal-rich globules (Tab. 3.21,
SQ4, SQ5) that accumulate up to 2 mol. % of iron, and the upper part of the bottom layer with
the oxidized globules (Tab. 3.23, regions 5-2, 5-2-1).

5-1-2-1 (SQ4)
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Fig. 3.24. Micrographsof region 5in thetop and a part of the bottom layers of the ingot,
CORD 40
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Table 3.20. EDX datafor region 5

No. U Zr Fe ~0
mass% 7369| 1.20| 0.96|24.14
SQL Mol % 16.74| 0.71| 0938161
mol.% MeO, | 91.06| 3.88| 5.06
mass% 82.68| 138 -1 15.93
SQ2 Mol % 2557 | 1.12 7331
mol.% MeO, |95.82| 4.18 -
mass% 86.17| 1.23| 1481113
SQ3 "ol % 3299 | 1.23| 2416338
mol.% MeO, | 90.08| 3.35| 6.58
sQ4 | mas 92.71| 147| 582 :
mol % 76.40 | 3.17 | 20.44 :
S5 | mas 9341| 1.75| 484 :
mol % 7876 | 3.86| 17.39 -
mass% 7843 1.03| 115| 9.04
SQ6 ["mol.% 20.63| 10218525083
mol.% MeO, | 60.27 | 2.07 | 37.67
P1 mass%o 99.57 0.43 - -
mol.% 98.89 | 1.11 - -
Py | mass% 94.92| 085| 4.23 -
mol % 82.41| 1.91]15.67 :
p3 | mass% 72.99 | 12.16 | 14.85 -
mol % 43.44 | 18.89 | 37.67 -
mass% 84.15 | 3691217
P4 Mmol.% 20.96 | 559 64.45
mol.% MeO, | 84.27 ~115.73
mass% 8412 | 057 ~115.31
PS5 Mmol.% 26.84 | 0.48 ~72.68
mol.% MeO, | 98.25| 1.75 -
mass% 58.78 | 2.92|3359| 4.71
P6  "mol.% 21.02| 2.73| 512 25.05
mol.% MeO, | 28.04| 3.64 | 68.32
mass% 2038 |47.79| 165]21.18
P7 "mol.% 6.17 | 26.18| 1.48|66.17
mol.% MeO, | 18.23 | 77.4| 4.37

Region 6 of the ingot (Fig. 3.25) is similar microstructurally to region 5. Well visible is
the porous top part that contains virtually no iron (Tab. 3.21, SQ1) and the boundary region with

the metal-rich globules.

ISTC PROJECT-1950.2 CORPHAD



62(5Q39 |

U 6.2-1(304)

Fig. 3.25. Micrographs of region 6 in thetop layer of theingot, CORD 40
Table 3.21. EDX datafor region 6
No. U Zr Fe ~0
massYo 68.78 | 1.13| 0.95|29.14
SQ1 | mol.% 1350 | 0.58| 0.79 | 85.12
mol.% MeOx | 90.77 | 3.89| 5.34
massYo 87.37| 1.23| 173| 9.68
SQ2 | mol.% 36.12| 1.33| 3.04|59.51
mol.% MeOx | 89.21 | 3.29| 7.51
massYo 85.85| 1.38| 1.11|11.67
SQ3 | mol.% 3207 | 134| 1.76|64.83
mol.% MeOx | 91.18| 3.81| 5.01
massYo 89.13| 1.12| 0.95| 8.80
SQ4 | mol.% 39.26| 1.29| 1.78|57.68
mol.% MeOx | 92.75 | 3.05| 4.20
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Microstructurally, region 7 (Fig. 3.26) is close to regions 3 and 4 of the ingot described
above (Figs. 3.22, 3.23). This is the upper part of the ingot bottom layer with the oxide-rich
globules.

7(SQ1)
Fig. 3.26. Micrograph of region 7 of theingot bottom layer, CORD 40

Table3.22. EDX datafor region 7

No. U Zr Fe ~0

massYo 85.20|0.78| 853 | 5.49
SQ1 | mol.% 4151 | 0.99 | 17.71 | 39.79

mol.% MeO« | 68.94]1.65] 2942 |

Like regions 3-5 and 7, region 8 of the ingot (Fig. 3.27) gives an idea about
microstructure in the boundary region with fragments of the metal-rich globules in the upper
liquid and of the oxide-rich ones in the lower liquid.

g

81
Fig. 3.27. Micrographs of region 8in theboundary region of the stratified melt, CORD 40
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A comparison of composition of the metal-rich globules in the upper layer of the
stratified melt (Fig. 3.21, region 2-1-3 and Tab. 3.17, SQ3; Fig. 3.24, regions 5-1-2-1 and 5-1-2-
2 and Tab. 3.20, SQ4 and SQ5) with that of regions in the ingot bottom layer (Fig. 3.22, region
3-6, Tab. 3.18, SQ12; Fig. 3.23, region 4, Tab. 3.19, SQ1; Fig. 3.26, Tab. 3.22, SQ1) has shown

them to be poorer in iron and richer in uranium.

Region 9 of the ingot (Fig. 3.28) shows microstructure of the periphery region in the

oxide-rich upper layer with numerous pores.

To1(sQ)

Fig. 3.28. Micrograph of region 9 in the upper layer peripheral part, CORD 40

Table 3.23. EDX datafor region 9

No. U Zr Fe | ~O

masY 8357 | 1.37| - |1506
SQL Mmol % 2686 | 1.15| - | 7200

mol.% MeO, | 95.91| 409| -

Region 10 of the ingot (Fig. 3.29) gives an impression of microstructure of the peripheral
part of the bottom metal-rich layer that contains the oxide-rich globules.

ISTC PROJECT-1950.2 CORPHAD



10-1

Fig. 3.29. Microstructures of region 10 in the bottom layer peripheral part, CORD 40

Table 3.24. EDX datafor region 10

No. U Zr Fe ~0

mass% 78.2310.81| 8.05]| 1291
SQ1 | mol.% 25.50 | 0.69 | 11.18 | 62.62

mol.% MeO, | 68.23 | 1.84 29.92-

Region 11 demonstrates microstructure of the outer edge of the ingot bottom layer, and
regions 12 and 13 — that of the regions located to the ingot bottom (Fig. 3.30). Here, one can see
a fairly even distribution of phases, almost complete absence of pores and a reduced content of
the dissolved oxygen towards the ingot lower part (Tab. 3.25).
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12-1 (SQ2)

Fig. 3.30. Micrographsof regions 11, 12 and 13in theingot bottom layer, CORD40

Table 3.25. EDX datafor regions 12, 13

No. U Zr Fe ~0
masY 80.57 | 0.87 | 9.07| 9.49
SQL Mmol % 30.67 | 0.87 | 14.71 | 53.75
mol.% MeO, | 66.32 | 1.87 | 31.81
S02 | mass% 8522 | 0.85| 9.44| 4.49
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mol.% 4383|114 20.7]3433
mol.% MeO, | 66.74 | 1.73 | 31.52
massY 87.13/0.90| 10.10| 1.87
SQ3 mol. % 54.34 | 1.47 | 26.84 | 17.34
mol.% MeO, | 65.74 | 1.78 | 32.48

50

Region 14 demonstrates microstructure of the ingot bottom layer. This region contains
till less dissolved oxygen (Tab. 3.26), thus maintaining the general tendency.

14

14-2

14-1 (SQ1)

Fig. 3.31. Micrographs of region 14 in the lower region of the bottom layer, CORD 40

Table 3.26. EDX datafor region 14
No. U Zr Fe ~O
mass% 87.65|0.86| 9.83| 1.65
SQ1 | mol.% 56.04 | 1.44 | 26.79 | 15.74
mol.% MeOx | 66.51 | 1.70 | 31.79
ISTC PROJECT-1950.2 CORPHAD



51

In general, the bottom layer structure is apparently composed of the UgFe, UFe;
intermetallides (Tab. 3.20, point P2 and Tab. 3.17, points P9, P10) with eutectics between them
(Fig. 3.24 and Tab. 3.20, SQ6). The secondary extractions in the form of globules are
concentrated at the top of this layer, and this can evidence of their surfacing during
crystallization of the matrix phases. The averaged composition of globules from the boundary
region of the bottom layer (Fig. 3.22 and Tab.3.18, SQ3, SQ5-8) corresponds to bulk
composition of the top layer (Fig. 3.24, region 5-1 and Table 3.20, SQ1).

Tab. 3.27 summarizes the data of SEM/EDX analysis. Bulk compositions of the metallic
and oxidic layers were evaluated on the basis of compositions of different regions of the metallic
and oxidic ingots.

Table 3.27. Summarized data of SEM/EDX analysis

. . . u | zr | Fe | ©
Liquid Studied region 1%
region 6 SQ1 Fig. 3.25 90.8 3.9 53
Oxide region 5 SQ1 Fig. 3.24 91.1 3.9 5.0
average 90.95 3.9 5.15
Correction for oxygen* 41.2 1.8 2.3 54.7
region 3 SQ3 Fig. 3.22 90.6 3.9 55
Oxidic region 3 SQ6 Fig. 3.22 89.9 | 30 7.1
g'r%?;ﬁ? C'” region 3 SQ7 Fig. 3.22 @23 | 37 | 40
matrix region 3 SQ8 Fig. 3.22 90.4 4.0 5.5
average 90.8 3.7 55
region 3-6 SQ12 Fig. 3.22 70.8 1.8 27.4
M etal (region region 4 SQ1 Fig. 3.23 69.5 1.8 28.7
with region 7 SQ1 Fig. 3.26 68.9 1.6 29.5
globules) region 10 SQ1 Fig. 3.29 68.2 1.8 29.9
Region with globules, average 69.3 1.8 28.9
_ region 12 SQ1 Fig. 3.30 66.3 19 31.8
Metal r(lreg'on region 13 SQ3 Fig. 3.30 657 | 18 | 325
Q;V(;LU?Z;) region 14 SQ1 Fig. 3.31 665 | 17 | 318
Region without globules, average 66.2 1.8 32.0
Correction for oxygen** 60.8 1.7 29.4 8.1
region 5 SQ4 Fig. 3.24 76.4 3.2 20.4
Metallic region 5 SQ5 Fig. 3.24 78.7 3.9 17.4
globulesin region 2 SQ3 Fig. 3.23 753 | 24 22.3
oxidic matrix
globules, average 76.8 3.2 20.0

*) — Oxygen content in the oxidic part was calculated in accordance with the data /2/ on oxygen
solubility in the oxidic liquid in the miscibility gap of the U-O system along the 2873 K isotherm
(at. %, 43U-570), and assuming that oxygen is bound only with U.

**) - Oxygen content in the metallic part was calculated in accordance with the CTR datain Tab.
3.28 (0.8 mass %.), and assuming that oxygen is bound only with U.

Compositions of the metallic and oxidic layers given in Tab. 3.27 agree well with the
results of XRF (Tab. 3.4) and chemical (Tab. 3.6) analyses.
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3.6. Reducing melting of corium samples in carbon crucibles (CTR)

Oxygen content in different regions of the ingot from CORD40 was determined by the
method of CTR (carbothermal reduction). The pattern of sampling for the analysis is shown in
Fig. 3.8. The method is described in /6/ and is based on determining the change in the sample
mass and/or the quantity of the released CO—CO, at the reduction of oxides in the molten sample
with carbon. Tab. 3.28 presents the analysis specifications and the results for CORDA40.

Table 3.28. Analysis specifications and resultsfor CORD40

: Temperature,
Sample Carrier Sample E_xposu_re O content, mass%
gas oC mass, mg | time, min
Oxidic part of 7.96, 7.97
ingot (top) Ar 2500 500 1
Metallic part of 0.71; 0.79; 0.86
ingot (bottom)

It is evident from Tab. 3.28 that the oxygen content in the oxidic part is 8.0£0.1 mass %
and 0.8+0.07 mass % in the metallic part. These values were used for making up the per-element
material balances given in Tabs. 3.5-3.7.

The error of determining oxygen concentration by CTR of samples was less than 3
relative %.

3.7. Differential Thermal Analysis

The method of differential thermal analysis (DTA) was used for Ty determination. A
specimen was prepared from the metallic part of the ingot from CORDA40 (Fig. 3.8, zone 1V).
The SETSYS Evolution-2400 analyzer was used for DTA and the SETSOFT 2000 software
package for processing the results.
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=== Garrier gas
==ms Furnace protective gas
=== Auxiliary gas

Fig. 3.32. SETSY S Evolution-2400, appearance and schematics

SETSY S Evolution-2400 (Fig.12) covers an extremely wide temperature range from 196° C
up to 2400° C and is designed for performing DSC, DTA, TG-DTA and TG-DSC measurements.
The accuracy of temperature determination is £2.5° C. The furnace working space may be either
vacuumized, or filled with different gases/mixtures, e.g., air, argon, helium, carbon dioxide. Such
a system provides priceless information about the oxidation-sensitive samples.

Analysis specifications:

The mass of the sample was 236.75 mg, and Al,Os; was taken as the crucible material.
Before the analysis, the measuring cell was vacuumized and then filled with high-purity argon.
The heating rate was 5° C/min, and a B-type thermocouple (Pt-30%Pt/Rh-6%Rh) was used. T
was automatically determined by the thermoanalyzer at the point of tangent crossing the
baseline.
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Figure: Experiment: Cord 40 (metal)_2 Crucible: A203100pl Carrier gas: Vide - Coeff. :
SETSYS Evolution - 2408206.2006  Procedure:  (Zone 1) Molar mass: 60 Mass (mg): 236,75
T T T T T T

T
HeatFlow/pVv
Exo ¢ 2.5 |

T
Sample temperature/°C
| 950

- Pesk :711.2 °C

- -10.0 |
| 600 On%t P0| nt 709,3 OC -12.5
| 550
-15.0 |
| 500
-17.5 |
| 450
-20.0 |
| 400
| 350 -22.5 |
800 1000 1200 1400 1600 1800 2000 2200 2400 Timel/s
| | | | | | | | |
Fig. 3.33. DTA curve at heating
Figure: Experiment: Cord 40 (metal)_2 Crucible: A203100pl Carrier gas: Vide - Coeff. :
SETSYS Evolution - 2408206.2006  Procedure:  (Zonel) Molar mass: 60 Mass (mg): 236,75

T T T
Sample temperature/°C HeatFlow/pVv

Exo 4\
2

| 950

IO

1900 Peak :699,2 °C

Onset Point :702,1 °C

| 650 -10 |

8200 8250 8300 8350 8400 8450 8500 8550 8600 8650 8700 8750 8800 Time/s
| | | | | | | | | | | | | |

Fig. 3.34. DTA curveat chilling
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Fig. 3.33 shows that Tsy measured during sample heating was 709°C, i.e., somewhat lower
than the eutectic temperature according to /4/. Apparently, this is due to the presence of a small
amount of Zr in the eutectic. The measurement at the stage of sample cooling yielded 702° C,
which is apparently due to the melt supercooling. It should be noted that no interaction of the
liquid phase with the crucible material was observed in the present investigation. Also, it may be
supposed that oxygen was either absent or available in very small quantities in the
intermetallides that composed the eutectic.
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4. Discussion of results

4.1 Tiiqg and Tso measurements

The Project included two tests with the U-Fe-O system that employed identical charge
composition (CORD36 and CORD40). In CORD36, the oxidic part was found in the lower part
of the ingot. The rounded shape of the UO, phase indicates that at crystallization it was
surrounded with metallic liquid. Position of the oxidic liquid at the bottom contradicts the data
on densities of UO, and U. The analysis of thermal condition of the molten pool during the test
and morphology of urania grains in the bottom layer suppose that crystallization of the oxidic
layer at the pool bottom occurred in the course of the test at a temperature that was lower than
the monotectic temperature of the initial composition. In CORDA40, the oxidic liquid crystallized
in the ingot upper part when heating was switched off at the end of the test.

Tiiq was measured by the VPA IMCC method /6/. The melt composition in CORD40
differed from the specified one mainly because of @ metallic uranium contamination by
zirconium, b) insignificant remains (spillages) of the powdered UO,, and c) the crust, the
composition of which differed from that of the melt by a higher content of refractory phases.
However, the crust thickness did not exceed 1 mm. Therefore, composition of the melt which Tjiq
had been measured was calculated on the basis of the crucible charge excluding spillages,
aerosols and the crust. Composition of the melt at measuring Tiiq in CORD36 could not be
determined because of the uncontrollable crystallization of the refractory phase at the pool
bottom during the test.

Ts Was determined by DTA in crucibles made of Al,Os. For this analysis, samples were
prepared from the metallic part of the ingot from CORD40. The results of the analysis show that
there was no interaction of the sample with crucible, and therefore the results of DTA can be
acknowledged as reliable. The measured Ty, iS somewhat lower than the eutectic temperature of
the U-Fe system /4/. This may be due to the presence of a small amount of Zr in the sample.

Tab. 4.1 offers a comparison of the measured Tiq and Tsy with the results of
thermodynamic calculations using the GEMINI-2 code and NUCLEA-06 database. Obviously,
the measured and calculated temperatures of phase transitions virtually coincide within the
margin of error.

Table4.1. Experimentally obtained and calculated Tiiq and Tsy values

Test

Composition, mass/at. % Experimental Calculated

U Fe Zr O T|iq, K Te, K T|iq, K To, F

CORD40 88.8/60.0 | 7.5/21.6 | 2.3/40 | 1.4/144 | 2788 982 2749

990

Y _ composition is given taking into account the spillages and debalance.
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4.2 Microstructural peculiarities of the crystallized ingot

According to the SEM/EDX data, two layers with different microstructures were found in
the ingot from CORDA40. The oxygen-rich “oxide-rich” layer is located in the upper part of the
ingot and is approximately 3 mm thick. Below is a layer that is approximately 46 mm-thick and
is composed presumably of a mixture of intermetallides.

Microstructure of the oxide-rich layer is presented in Fig. 4.1.Microstructure of the upper
region of this layer is identical to that observed in the U-UO, system. The dark phase is UO,, and
the light-coloured one is U. Notable is high porosty of this layer. Microstructure of the bottom
region of this layer is denser, and the dark phase here is UO,, while the light-coloured one, in the
globules as well, is apparently a mixture of U(UFe,) and UgFe.

Fig. 4.1 Microstructure of the oxidic layer

Microstructure of the metal-rich layer is also heterogeneous, like that of the oxide-rich
one. At the top of this layer, oxidic globules are concentrated, and they are absent in the lower
part of the layer.

Microstructures of the top and bottom parts of the metallic layer are compared in Fig. 4.2.
The metallic matrix is composed of two intermetallic phases: the light-coloured UgFe and dark
UFe,. Also, inclusions of a zirconium-rich intermetallic phase were found as a result of Zr
presence in the initial U reagent and UO, 2.
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top

bottom

Fig. 4.2 Microstructure of thetop and bottom parts of the metallic layer

4.3 Compositions of the oxidic and metallic liquids in the miscibility gap

Determination of the coexisting liquids composition was complicated by a number of
factors:

—in presence of a small amount of the light liquid under the IMCC conditions, the heavier liquid
surfaces through the layer of the light one, and thus sampling one of the liquids becomes
impossible;

— Uneven distribution of components in the top and bottom layers of the crystallized ingot has
been recorded. In the top layer, metallic globules are concentrated in its lower part, while in the
bottom layer oxidic globules are concentrated at itstop.
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Formation of oxidic and metallic globules makes determination of the average chemical
composition of the layers very uncertain. If the globules result from the secondary isolation
during crystallization of each liquid, then they should be included in the bulk composition. It
cannot be ruled out that atemperature gradient might have formed at the interphase boundary of
two layers, and this, together with convection, could cause instability near the boundary and
movements of droplets of the oxidic liquid into the metallic layer and of metallic droplets into
the oxidic layer.

According to the results of SEM/EDX analysis, composition of the oxidic globules in the
metallic layer is identical to the oxidic layer bulk composition. Obviously, it indicates that the
globules have resulted from the secondary isolation during melt crystallization.

When comparing compositions of the analyzed metal-rich and oxide-rich layers (Tab.
4.2), agood agreement between the cationic composition data obtained by different methods for
the studied compounds, and the results of thermodynamic calculations using the GEMINI-2 code
and NUCLEA-06 database.

The compositions of the top (oxide-rich) and bottom (metal-rich) liquids recommended
for the verification purposes were taken from the chemical analysis results, as the per-element
material balance made up using the chemical analysis data yielded the least debalance for Fe
(Tab. 3.7).

Table 4.2 Results of analyses for CORD40 and thermodynamic calculation of the coexisting
phases composition.

Method | Elem Experimental Calculated
of ent Oxidicliquid | Metallic liquid Oxidic liquid Metallic liquid
analysis Composition, at. % (T= 2823 K)
ChA 41.0 64.0
XRF U 395 64.1 40.0 65.6
EDX 41.2 60.8
ChA 2.0 235
xrF | Fe 35 24.4 0.0 2.5
EDX 2.3 29.4
ChA 2.3 3.9
XRF | Z' 33 3.0 1.3 4.8
EDX 1.8 1.7
ChA 54.8 85
xrRF | © 53.8 85 58.7 2.0
EDX 54.7 8.1
Mass fraction, 6.9 93.1 14.0 86.0
mass%

The data obtained by the analysis of layers of the ingot from CORD40 (Tab. 4.2) show
that the content of zirconium in it is comparable with, or sometimes higher than the minimal
content of such a component as iron. This circumstance prevents construction of atimeline in the
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U-Fe-O ternary system for the given composition at the given temperature. Therefore, the
results of the performed investigation are for a four-component system.

5. Conclusion

1. Tiq and T« have been measured for the composition U-Fe-Zr—O (60.0-21.6-4.0-14.4
at. %). The recommended values are: Tji=2788 K, T=982 K.

2. Compositions of the liquids that coexist in the miscibility gap of the above-mentioned
system at 2873 K have been found to be as follows:

- the top, oxide-rich liquid, at. %: U-41.0£2, Fe-2+0.2, Zr-2.3+0.3, 0-54.8+3;

- the bottom, metal-rich liquid, at. %:. U-64.0+3, Fe-23.5+1.2, Zr-3.9+0.2, O—
8.5+0.8.
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