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Introduction
At the ex-vessel stage of the severe accident with nuclear reactor the corium melt can contain a considerable amount of iron oxides (steel oxidation products) and calcium oxides (products of corium interaction with concretes, sacrificial and refractory materials). 

The motioned circumstances explain the necessity of studying systems with calcium oxide in order to optimize the available data bases and verify the numerical codes. 

The main objective of the reported work– experimental evaluation of data on phase equilibria in the UO2–FeO–СаO system: 

· concentration curves of the liquidus and solidus temperatures;

· coordinates of eutectic points;

· solubility limits of components in the solid phase.

The produced results will be used to:

· optimize the thermodynamical databases, NUCLEA in particular;

· specify numerical thermodynamical models;

· analyze the safety of operating and designed NPPs.

Experimental studies of phase equilibria in the UO2–FeO–СаO system were conducted on the RASPLAV-3 and 4 test facilities, which can produce up to 2 kg of high-temperature corium melt in the inert and oxidizing atmospheres. To produce the melt with temperature up to 3300 К the method of induction melting in a cold crucible (IMCC) was used. The method has the following advantages:

· internal power deposition in the melt;

· presence of a crystallized melt layer (crust) between the melt and cold crucible wall, which prevents the mass transfer of crucible material into the melt.

The combination of contact-free heating method and non-polluting methods of oxide melting ensures:

· production of melt having the purity equal to that of initial substances;

· possibility of a considerable melt superheating above the liquidus temperature, also for the chemically active  oxidic materials;

· possibility of melting and long-term maintaining oxidic systems in the  molten state both in the inert and oxidizing atmosphere;

· universality and compactness of the melter.

The medium-scale tests on the RASPLAV-3, 4 test facilities determined liquidus temperatures by the method of visual polythermal analysis in the cold crucible (VPA IMCC) and synthesized samples for studies by other methods. 

The small-scale tests determined solidus and liquidus methods using the following methods:

· visual polythermal analysis in the Galakhov microfurnace (VPA GM);

· differential thermal analysis (DTA).

The following methods were used for the physicochemical analysis of corium samples:

· elemental composition: X-ray fluorescence (XRF), chemical analysis (ChA), energy-dispersive X-ray analysis (EDX).

· Phase composition: X-ray diffraction (XRD), energy-dispersive X-ray analysis (EDX).

· microstructure: scanning electron microscopy (SEM).

The determination of phase ratio in the system, solidus and liquidus temperatures was made using the GEMINI2 code based on the database on phase equilibria  - NUCLEA10 [1].

1. State of the art review
No data on phase equilibria in the ternary UO2–FeO–СаO system was found in the publications. Only the data on binary subsystems are available.

Only limited data have been published for the UO2–FeO system. In the CORPHAD Project we conducted studies on phase equilibria in the system. The results of studies have been published in [2]. 

Fig. 1.1 shows the phase diagram of the UO2–FeO system. The eutectic composition is – 3.9±0.5 mol. % UO2, temperature – Тeut=1335±5 (С. The final solubility of FeO in UO2 was 17.0±1.0 mol. %.


[image: image2]
Fig. 1.1 –UO2–FeO phase diagram
The СаО–FeO system has been studied by Allen and Snow [3] as a part of ternary СаО–FeO–SiO2 system. The studies were conducted in the  ½( diameter crucibles made of the high purity iron in the rectified nitrogen atmosphere. The mass of portions varied from  50 to 300 mg. The weighed portions were heated above the assumed  melting temperature, were exposed for 20 min until equilibrium was reached, and  after that they were slowly cooled to the required isotherm normally during 1-2 hours and were kept on the isotherm to reach equilibrium from 15 min to 144 hours. The quenching was made by the 15%-water solution of isopropyl alcohol. In this case the quenching rate is sufficient to distinguish the crystals of primary phases and dendrites having the liquid-phase origin.  Beside that alcohol inhibits oxidation during quenching. Following this polished sections were prepared and their ceramographic studies were conducted.

The results of this study are summarized in Fig.  1.2. A limited solid solution was found on the CaO side. On the FeO side a considerable solubility of CaO (solid solution based on calcium-wustite) was also found. The final member of the continuous solid solution series in the combination of components is close to СаО·2FeO (calcium wustite).

It has been found that calcium-wustite is stable in a narrow temperature range  (from 1078 to 1133 (С)' it congruently melts at  1133(3 (С to form a CaO-based solid solution with a final solubility  FeO (10 mass % or 8 mol. %) and a liquid phase. It should be mentioned that actually this is the ternary, not binary eutectics, which corresponds to the  composition mass %: 55 FeO, 18 Fe2O3, 27 CaO. 
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Fig. 1.2 – СаО–FeO phase diagram according to Allen and Snow [3]

Note that Cao-based solid solution is less hygroscopic that pure CaO. All found solutions have the  face-centered cube structure. The point of minimum was found on liquidus between calcium-wustite and wustite. Its temperature corresponds to 1108 (С, content - to  FeO 74 mass %.
On the basis of XRF data the authors assume the presence of an intermediary compound  within the stoichiometric compositions of СаО•5FeO and СаО•7FeO, but emphasize that  no data on the temperature stability range for these compounds  have been produced.
Data on the  СаО–FeO binary system have also been specified by Jones and Muan in the phase equilibria  study for the  СаО–MgO–FeO–Fe2O3  system [4]. It is noted in the work that  this diagram is not truly binary, because iron in the coexisting phases is present in different oxidation degrees and in different ratios.  Fig. 1.3 gives two pseudobinary sections, which are different in the oxygen partial pressure. In accordance with these authors  at a low partial pressure of oxygen the system does not have the  peritectic decomposition  of the solid solution from the wustite side, and wustite solubility in the calcium oxide can reach  20 mass %. If the oxygen partial pressure grows, the solidus temperature increases from 1108 to 1205 (С.
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Fig. 1.3 – Phase diagrams of the СаО–FeOx system in accordance with [4]:

а) section in the melt – iron section; b) section in air

The detailed overview of publications on the  UO2–CaO system is given in [5]. Phase equilibria  in the UO2–СаО system were studied in the PRECOS project (Fig. 1.4).

[image: image5]
Fig. 1.4 - Phase diagram of the UO2-CaO
The detailed overview of publications on the  UO2–CaO system is given in [5]. Phase equilibria  in the UO2–СаО system were studied in the PRECOS project (Fig. 1.4). 
Eutectic temperature was determined, Teut =1870±25 °C, at the eutectic composition of 67.4 mol.% CaO. It was found that in the UO2-based solid solution up to  46 mol.% of CaO gets dissolved. A conclusion was made for the  UO2–CaO system about a considerable influence of oxygen potential on phase equilibria. In the inert atmosphere with a relatively low oxygen potential , in which this pseudobinary system was studied, a coexistence of two compounds was found. One of the melts peritectially and another undergoes the solid-phase decomposition at a close-to-eutectics temperature.
In order to estimate the eutectic point position a thermodynamic modeling using the  GEMINI2+NUCLEA10  was made[1], which predicts the formation of a liquid phase having the following composition: mol. % : 68.7 FeO, 3.4 UO2, 27.9 CaO – at 1019 (С.
2. Experimental part
The ongoing improvement of techniques for the investigation of phase diagrams is combined with the use of a complex of mutually complementary methods ensuring a higher reliability of data from experimental studies.
2.1. Visual polythermal analysis in a cold crucible

The method of visual polythermal analysis (VPA) [6] is a classical method of thermal analysis in the course of which the crucible is slowly cooled down in the furnace and the appearance of the first crystals on the molten pool surface is observed. The melt surface temperature is recorded during this process. At a low cooling rate (1-2(С/min) and with no supercooling, said temperature is close to Tliq. According to [6], the procedural error does not exceed 10(С.

The use of this and other classical methods for investigating corium-based systems is limited in most cases because of the high chemical activity of the melt that interacts with crucible materials, thus contaminating the melt and quite often preventing measurements due to crucibles destruction. That is why a new VPA method has been proposed for the conditions of induction melting in a cold crucible (VPA IMCC) and kept rapidly developing in recent years in corium studies [7]. This is practically the only possible method for investigating the high-temperature melts.

The main peculiarity that ensures analytical accuracy and the pattern of melt crystallization in IMCC is the thermal inhomogeneity of the molten pool confined within the water-cooled walls of the cold crucible. When the melt is cooled, crystallization occurs both on the free surface of the pool (similarly to VPA in the refractory or hot crucible) and in the zones of melt contact with the bottom and lateral cooled crusts adjacent to the cold crucible walls. This may lead to melt depletion in the refractory component, which field of primary crystallization contains the point corresponding to the initial phase composition on the phase diagram. When the first crystals appear on the free surface of the melt, its composition may not correspond to the initial melt composition. In order to determine composition of the melt that corresponds to the moment of first crystals appearance on the free pool surface during IMCC, a sample is taken from the melt surface layer and subjected to posttest physicochemical analyses for determining its composition.

Peculiarities of the VPA IMCC technique for Tliq determination are as follows:

· Formation of the pool occurs on a thin water-cooled bottom;

· After homogenization, the superheated melt is maintained above Tliq;

· The molten pool depth and bottom crust thickness are measured;

· A melt sample is taken;

· The superheated pool is locally cooled by shifting the molten pool upward relative to the inductor. The surface temperature and condition are registered (when the pool surface emerges from the inductor, cooling of the upper layers and formation of the solid phase on the melt surface occur, while the bulk melt remains superheated above Tliq);

· The posttest frame-by-frame analysis of the video record and determination of the minimal temperature of the melt coexisting with the solid phase that forms at the melt surface as a result of its local cooling below Tliq;

· Posttest physicochemical analysis of melt samples for determining their composition.

Fig. 2.1 offers a sample thermogram from the test with pool surface images pasted onto it. Fig. 2.2 shows the IMCC furnace diagram.
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Fig. 2.1.- Sample thermogram with melt surface video frames
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1 – water-cooled calorimeter; 2 – water-cooled pyrometer shaft; 3 – pyrometer coupled with video camera; 4 – data acquisition system; 5 – device for inserting measured values into video frames; 6 – monitor/video recorder; 7 – crucible vertical drive.
Fig. 2.2 - Furnace diagram
The molten pool surface is observed using video registration system (5 in Fig. 2.2) coupled with pyrometer (3). The system pastes the measured temperature values and the pyrometer sighting spot position at 50 Hz into each frame (see Fig. 2.3) of the video record. The melt surface temperature is measured by the spectral ratio pyrometer RAYTEK MR1-SC. The video camera records an area on the melt surface that is limited by the shaft diameter (22 mm). The pyrometer sighting spot is about 6 mm. The cold crucible internal diameter is 38 mm. The invisible area of the melt surface is an 8 mm-wide ring near the crucible wall.
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Information on the melt surface temperature measured within the pyrometer sighting spot (white circle in the frame) and on the current time of the test is provided in the service line in the left part of the frame

Fig. 2.3 – Sample video frame of the melt surface
The main sources of errors associated with the VPA IMCC technique realization are listed below:

· The error of temperature measurement and melt composition determination. The relative error of pyrometer measurements taking into account the error of the corresponding channel of the data acquisition modular system (DAMS) equals 1%. The error of composition determination by means of different posttest analyses is described in Section 3.

· The error resulting from melt supercooling. It is known from the published sources that under nonequilibrium conditions melt crystallization starts when it becomes somewhat subcooled, and that the degree of supercooling ((Т) is individual for each melt and, according to [8], does not exceed 20-50 K. The direct measurement of (Т for the high-temperature oxidic melts is impossible in the IMCC conditions. An idea about (Т of melts can be obtained from their experimental crystallization by other methods. For instance, (Т was directly measured in the work aimed at determining the temperature axial gradient and the degree of supercooling at the crystallization front in sapphire crystals production by the Stepanov method [9]. It is demonstrated in this work that (Т of the melt at the meniscus was 30-45ºС during the aluminium oxide crystals jet drawing at 3-5 mm/min.
· The error due to temperature gradient and natural melt convection in the pool during IMCC can reach 50ºС [8].

Testing of the above-described technique in tests that employ the melts with the relatively well studied phase diagrams (see Tab. 2.1) and the comparison of VPA IMCC results with those obtained by DTA, DSC, high-temperature microscopy or Galakhov microfurnace has shown that the total error of Tliq determination by VPA IMCC (as noted above) equals the error of temperature measurements for compositions within the eutectic area (or for pure oxides), that is, does not exceed 1% of the measured temperature. The error can be sufficiently bigger for the compositions with a wide melting range (over 200 (С), especially in their high-temperature domain, still it does not exceed 50-75 ºС, as a rule.
Table 2.1. –Melting temperatures (1) and Teut (2, 3) determined by VPA IMCC and compared with the published data
	No.
	Composition, mass %
	VPA IMCC results, (С
	Published data,(С
	Source

	1
	100% Al2O3
	2053
	2054±6
	Hlavac J. (IUPAC recomendations), 1982

	2
	12% ZrO2
88% Nb2O3
	1411
	1430
	Toropov et al., 1969

	3
	19% ZrO2
81% Fe3O4
	1515
	1520
	Jones, Kimura, Muan, 1967


An eutectic composition is synthesized using a special technique of melt crystallization in conditions close to equilibrium achieved by slow (5-10 mm/h) nonstop shifting of the crucible with melt relative to the inductor using drive (7) (Fig. 2.2). The posttest physicochemical analyses of samples from the ingot zones where crystallization of the remaining melt occurred make it possible to determine the eutectic composition with an error of 1-2 mass %. Teut is determined by VPA in the Galakhov microfurnace and by DTA. Samples for these analyses are taken from the ingot parts in which the eutectic nucleus forms.

2.2. The Galakhov method
Tliq and Tsol were determined by visual polythermal analysis in the Galakhov microfurnace [10] (see the diagram in Fig. 2.4).

The microfurnace consists of the metallic water-cooled disc (bottom) with fittings for pumping air out and filling the furnace volume with neutral gas. Electrode holders are inserted into the furnace through the bottom. They are isolated from the disc by mica gaskets and are hermetically sealed from the outside.
The electrode legs hold the spiral-shaped tungsten heater. The working space of the furnace is a cylinder 20-22 mm high and Ø 5.5-6 mm (the isothermal heating zone in the heater inner space). To decrease heat dispersion and create conditions close to isothermal, the heating coil is surrounded with a tungsten screen attached to one of the legs.
A special device is used for placing the specimen into the microfurnace. The tested specimen with the characteristic size of about 2 mm across is placed in the ‘loop’ of the molybdenum or iridium holding wire 0.1 ‑ 0.3 mm thick. The length of the wire ensures location of the specimen in the center of the isothermal zone.
The microfurnace design also envisages specimens quenching (their dumping from the isothermal zone into a special water-cooled trough).
The microfurnace is isolated from the environment by a water-cooled metallic hood. During heating in a neutral gas (when the pressure is excessive) the hood is pressed down to the disc by a special ring. The central upper part of the hood has a quartz viewport. Melting and other visible changes in the specimen are registered by the video recording system.
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Fig. 2.4 - Galakhov microfurnace diagram
When vacuum is insufficient, the tungsten heater tends to oxidize and the resulting oxide can coat the specimen with a film, thus causing errors in melting temperature measurements. Therefore, the air is pumped out by the high-pressure vacuum pump and diffusion pump down to no less than 1 – 0.1 Pa. After that, the furnace space is washed with a neutral gas no less than two times.
Melting and other visible changes in the specimen are registered by the video recording system coupled with a pyrometer. The system pastes the measured specimen temperature values at 50 Hz into each frame of the video record made by the video camera and PC. The specimen temperature is measured by the spectral ratio pyrometer RAYTEK MR1-SC. Heating is controlled automatically according to the preset heating and cooling curves. Tsol is defined as the temperature at which the specimen deformation begins, while Tliq is defined as the moment of specimen spreading over the molybdenum (iridium) holding wire surface.

At least 4 arguments can be provided in support of the suggestion that the spreading observed in the Galakhov microfurnace is Tliq of the system:

· Heating until the appearance of the liquid phase proceeds very quickly (ca. 10 s) in the Galakhov microfurnace. It follows from this that the moment of spreading is recorded when viscosity is low, as under these conditions the rate of spreading is high.

· The specimen is prepared in such a way, so that the refractory phase forms the skeleton structure (rod quenching of a sample during the IMCC). Thus, the prepared specimen starts spreading only when the skeleton becomes destroyed. It happens only when the amount of solid phase in the system does not exceed 5%.

· The specimen is quenched rapidly by dumping it from the heating zone. Microstructural studies of the quenched specimens show the absence of relic (nonmelted) areas, thus confirming the complete melting of specimens. 

· The data of visual thermal analysis in the Galakhov microfurnace are corroborated by those of the differential thermal analysis (a classical one in phase diagrams constructing), as well as by the data generated by other methods, for instance, by VPA IMCC. 

The working range of temperatures measurement in the microfurnace is within 900-2300(С. Investigations are performed either in 1 – 0.1 Pa vacuum, or in a neutral gas (argon, helium). The microfurnace design also permits performance of tests under neutral gas pressure up to 0.5 MPa. The maximum procedural error within said temperature range is (25(С.

Experiments GPRS were performed using the tailor-made experimental setup – Galakhov microfurnace designed and built in the Grebenschikov Institute of Silicate Chemistry, Russian Academy of Sciences (ISCh RAS) and adjusted in the Alexandrov Research Institute of Technology (NITI) (Fig. 2.5).


[image: image10]
1 –pyrometer; 2- video cameras; 3 -W – tubular heater; 4 – molybdenum crucible; 5-molybdenum specimen holder; 6- electromagnetic lock; 7 – specimen quenching chamber.

Fig. 2.5 – Adjusted Galakhov mirofurnace
Molybdenum crucibles were used for sample melting; the charge mass of 50 - 150 mg was put into them. Following this the  crucibles were placed on the molybdenum holder   into the isometric zone of tubular heater. The samples were heated and exposed  at temperatures corresponding to the set thermogram. After the sample annealing  following the thermogram it was either quenched by dropping into the quenching chamber or cooled inside the furnace after its disconnection.
2.3. Differential thermal analysis
Differential thermal analysis (DTA) of the UO2–FeO–СаО samples  was made on the analyzer  SETSYS Evolution-2400, France.

SETSYS Evolution TAG-2400, (Fig. 2.6) operates in the temperature range from 196 (C to 2400 (C and used for the DSC, DTA, TG-DTA and TG-DSC measurements. Its precision is ±0.25 (C. The gas-proof experimental section can be degassed or filled with air, argon, helium or carbonic acid. Such system provides the necessary information about oxidation-sensitive samples.

The SETSOFT 2000 software operates the device, provides data acquisition and processing. 

In the studies system the DTA evaluated the solidus, liquidus and eutectic temperatures. Samples for studies were prepared from the quenched melt samples or ingots.
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Fig. 2. 6 - System SETSYS Evolution-2400

The sample mass was 50-200 mg, crucible material – Pt. Before the analysis the measurement cell was evacuated and filled with high-purity argon. The heating and cooling rate in the experimental section was  5(С/min, thermocouple - of B type-30%Rh; Pt-6%Rh). The characteristic  temperatures of studied phenomena  were evaluated from the crossing of base and  tangent lines to the peak shoulder at the specimen heating. 

2.4. Tests matrix
To study the ternary oxidic system UO2–FeO–СаO the VPA IMCC method was used ( PRS experimental series) and high-temperature annealing in the  Galakhov microfurnace (GPRS experimental series), X-ray fluorescence analysis (XRF), chemical analysis (СhA) and  SEM/EDX.
Seven experiments for the UO2–FeO–СаO system were made on the RASPLAV test facility (PRS experimental series) and three experiments in the Galakhov microfurnace (GPRS experimental series) to specify the composition of ternary eutectics in the system. Table 2.2 gives the matrix of completed PRS series.
Table 2.2 – PRS series experimental matrix
	Test
	Content, mol.% / mass %

	
	UO2
	FeO
	СаО

	PRS14
	6.0

20.1
	75.0

66.7
	19.0

13.2

	PRS15
	13.0

38.25
	50.0

39.14
	37.0

22.61

	PRS18
	21.0

51.5
	58.

37.8
	21.0

10.7

	PRS20
	30.0

64.00
	40.0

22.71
	30.0

13.29

	PRS241)
	40.0

72.2
	50.0

24.0
	10.0

3.8

	PRS25
	50.0

81.2
	20.0

8.7
	30.0

10.1

	PRS26
	20.0

52.13
	30.0

20.81
	50.0

27.07


Note:

1)- composition was not determined due to the emergency disconnection.
All experiments were conducted in the inert atmosphere (nitrogen, argon). A getter, metallic carbonyl iron, was added into the furnace for the FeO stoichiometry in the melt.

Experiments GPRS66, 74, 75 were made with the mixture melting in closed molybdenum crucibles  6 mm in diameter in the Galakhov microfurnace in the  reducing atmosphere (high-purity argon with a 4 vol.% hydrogen addition) with a subsequent cooling with the furnace at the disconnected heating. After removal from the Galakhov microfurnace the crucibles with melt samples were cut into two parts along the axis, and the halves were used to prepare polished sections for the  SEM/EDX analysis. The matrix of completed GPRS tests is given in Table 2.3.

Table 2.3 – GPRS series experimental matrix
	Test
	Content, mol. /mass %

	
	UO2
	FeO
	CaO

	GPRS66
	15.0

40.19
	80.0

57.03
	5.0

2.78

	GPRS74
	6.0

20.80
	57.0

52.57
	37.0

26.63

	GPRS75
	3.0
10.63
	87.0
82.01
	10.0
7.36

	
	
	
	

	
	
	
	


2.5. Analysis of the initial charge materials
In preparation for the experiments the charge components – uranium dioxide and iron oxide (II) were analyzed for the content of main component and admixtures.

Content of Fe(II) and Fe(III) was evaluated by the photocolorimetry with orthophenanthroline.

The method is based on the reaction of orthophenanthroline (1.10- phenanthroline) with ions of Fe(II), which produces a complex bright-orange compound. The intensity of coloring is in proportion to the iron concentration. Due to a high stability of the compound (constant of the formation is 9.8·1021) the optical density does not depend on рН within 2-9 limits. The coloring develops fast at рН=3.0-3.5 in presence of  orthophenanthroline in excess; it remains stable during several weeks. In more oxidic solutions the coloring develops slower and it is weaker. Direct evaluation of iron  is possible at its mass concentration from 0.5 to 2.0 mg/dm3 [11,12]. The method enables a separate identification  of ferrous iron and total iron in the solution. The presence of ferric iron is calculated from the difference between Fe (II) and total iron. The mass concentration of iron (Х) in mg/dm3 is calculated from:

X=(C(25)/V ,
(2.1)

where:

С – iron concentration identified using the calibration graph, mg/dm3;

V – aliquot volume of iron solution sampled for the evaluation, cm3;

25 – volume to which the sample is dissolved, cm3.

The UO2 samples  were used to determine the O/U ratio by thermogravimetry; it was 2.0 and 2.3.

The technique is meant for determining the O/U ratio in powdered urania used in the charge, and in the fused urania that was found to contain metallic impurities in quantities below 0.5 mass %, and nitrogen and carbonа in quantities below 0.01 mass %.

The essence is in the calcination of the UO2±x–containing powder up to U3O8 followed by the O/U ratio calculation from the mass change during calcination [13] using the equation:

UOx+(2.67-x)O(UO2.67
(2.2)

Calculations employ the formula
O/U= (42.72A-280.75()/16.00A
(2.3)

where:

А is the analytical sample after calcination, g;

( is the mass change during calcination, g.

Composition of charge components is presented in Tab. 2.4.

Table 2.4 – Charge components composition
	Components
	Main substance content, %
	Impurities, mass %
	Notes

	Powdered UO2, <200 µm dispersivity
	>99.0
	Fe<0.03; As<0.0003; CuO<0.01; phosphates <0.002; chlorides <0.003.
	Passport data, thermogravimetry

	FeO1)
	69.8
	Fe2O3-29.6; Fe-0.5
	In accordance with chemical analysis

	FeO2)
	99.5
	<0.50
	2002-03 Alfa Aesar CATALOGUE data

	Fe
	>99.9
	Si-0.0005; Mg-0.0001; Cu-0.0001; Ni-0.019; Pb-0.0001; Zn-0.00028
	Passport data

	CaO
	>96.0
	Total nitrogen -0.06, carbonate -2.5, sulphates -0.05, chlorides -0.015, Fe-0.02
	Passport data


Note:

1) –used in PRS experiments;

2) – used in GPRS experiments.

3. Tests specification
3.1. PRS14

Experimental objective: determine liquidus temperature for the specified corium composition and synthesize the eutectic nucleus by  the melt crystallization in close to equilibrium conditions.

The experiment was conducted in the atmosphere of high-purity nitrogen. The molten pool having the surface temperature of ~1400 ºC (Fig. 3.1) was produced and homogenized by second ~2000 of the experiment. At 2010 s the tungsten probe was used to measure the pool depth and bottom crust, which were 38 and 12 mm respectively. From 2097 till 2209 s the rehearsal manipulations were performed -  the crucible was moved, and its position was fixed at the formation of solid regions on the melt surface. At 2705, 3200, 3500 s melt samples were taken and liquidus temperatures were measured. After the measurement at 4430 s the mechanism of crucible removal from the inductor was started, and the ingot was extracted from the inductor at approx. 9 mm/h during six hours. After that the HF heating was disconnected, and ingot cooled in the nitrogen atmosphere. 

Pyrometer readings (Tmel), and changes of voltage (Ua), plate current (Ia) versus time are given in Fig. 3.1. Figs. 3.2 – 3.4 show fragments of thermograms during VPA IMCC.
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Fig. 3.1 -History of the plate current (Ia), voltage (Ua) and pyrometer readings (Tmel) in PRS14

VPA IMCC made three Tliq measurements, but it was not possible to decode the first one.


[image: image14]
Fig. 3.2 –Thermogram fragment from PRS14

[image: image15]
Fig. 3.3 –Thermogram fragment from PRS14

[image: image16]
Fig. 3.4 –Thermogram fragment from PRS14

The two processed thermograms give the following measured Tliq values: 1240±30, 1250 ±30(C. The average value of  Tliq for this composition is Tliq=1240±30 (C.
3.2. PRS15

Experimental objective: determine liquidus temperature for the specified corium composition and synthesize the eutectic nucleus by  the melt crystallization in close to equilibrium conditions.

The experiment was also conducted in the atmosphere of high-purity nitrogen. Molten pool having the surface temperature of ~1755 ºC (Fig. 3.5) was produced and homogenized by sec. 2409 of experiment. At 2410 s the tungsten probe was used to measure the pool depth and bottom crust, which were 40 and 6 mm respectively. From 2498 till 3118 s the rehearsal manipulations were performed -  the crucible was moved, and its position was fixed at the formation of solid regions on the melt surface. At 3311, 3690, 4010 s melt samples were taken and liquidus temperatures were measured. After the measurement at 4575 s the mechanism of crucible removal from the inductor was started, and the ingot was extracted from the inductor at approx. 9 mm/h during 4.5 hours. After that the HF heating was disconnected, and ingot cooled in the nitrogen atmosphere. 

Pyrometer readings (Tmel), and changes of voltage (Ua), plate current (Ia) versus time are given in Fig. 3.5. Figs. 3.6 – 3.8 show fragments of thermograms during VPA IMCC.
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Fig. 3.5 -History of the plate current (Ia), voltage (Ua) and pyrometer readings (Tmel) in PRS15

[image: image18]
Fig. 3.6 –Thermogram fragment from PRS15


[image: image19]
Fig. 3.7–Thermogram fragment from PRS15


[image: image20]
Fig. 3.8 –Thermogram fragment from PRS15

The three processed thermograms give the following measured Tliq values: 1520±30 , 1520±30 , 1510±30 (C. The average value of liquidus temperature is Tliq=1515±30 (C.
3.3. PRS18

Experimental objective: determine liquidus temperature for the specified corium composition. 

The experiment was conducted in the atmosphere of high-purity nitrogen. Molten pool having the surface temperature of ~1650 ºC (Fig. 3.9) was produced and homogenized by sec. 4900 of the experiment. At 6280 s the tungsten probe was used to measure the pool depth and bottom crust, which were 45 and 5 mm, respectively. At 6300, 6640, 7460 s melt samples were taken and liquidus temperatures were measured. After the measurement at 7778 s the heating was disconnected. The melt was crystallized and kept until the complete ingot cooling in the nitrogen atmosphere.

Fig. 3.9 gives the measured melt surface temperature (Tmel), voltage (Ua) and plate current (Ia) versus time. Figs 3.10 – 3.12 show thermogram fragments at the time of liquidus temperature measurement.

[image: image21.emf]0

300

600

900

1200

1500

1800

0 2000 4000 6000 8000

0

5

10

15

20

25

PRS18

Time, s

I

a

U

a

T

mel

Temperature, 

o

C

I, A; U, kV


Fig. 3.9 -History of the plate current (Ia), voltage (Ua) and pyrometer readings (Tmel) in PRS18

[image: image22]
Fig. 3.10 –Thermogram fragment from PRS18


[image: image23]
Fig. 3.11 –Thermogram fragment from PRS18


[image: image24]
Fig. 3.12 –Thermogram fragment from PRS18

The three processed thermograms give the following measured Tliq values: 1470±30 , 1500±30 , 1510±20 (C. The average value of liquidus temperature is Tliq=1490±30 (C.
3.4. PRS20

Experimental objective: determine liquidus temperature for the specified corium composition.

The experiment was conducted in the atmosphere of high-purity argon, which was supplied 10 min before the heating start. Molten pool having the surface temperature of ~2100 ºC (Fig. 3.13) was produced and homogenized by sec. 1600 of the experiment. At 1600 s the tungsten probe was used to measure the pool depth and bottom crust, which were 25 and 1 mm, respectively. From 1603 to 1678 с the rehearsal manipulations were performed -  the crucible was moved, and its position was fixed at the formation of solid regions on the melt surface. At 1840, 2160, 2530 s melt samples were taken and liquidus temperatures were measured It should be mentioned that melt samples were taken in several stages, because the quenched melt  got spilled into the pool when taken by the sampler from the crucible. In order to produce the melt composition enriched with FeO during sec. 2758-2820 the 77.05 g of iron oxide were added. After the charge addition  at 2860 s the melt got spilled through the crucible sections and burnout (failure) of cooling pipes of the bottom calorimeter. This, in its turn, caused water interaction with melt, and the test had to be urgently terminated.
Pyrometer readings (Tmel), and changes of voltage (Ua), plate current (Ia) versus time are given in Fig. 3.13. Figs. 3.14 – 3.16 show fragments of thermograms during VPA IMCC.
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Fig. 3.13 -History of the plate current (Ia), voltage (Ua), pyrometer readings (Tmel) in PRS20

[image: image26]
Fig. 3.14 –Thermogram fragment from PRS20


[image: image27]
Fig. 3.15 –Thermogram fragment from PRS20


[image: image28]
Fig. 3.16 –Thermogram fragment from PRS20

The three processed thermograms give the following measured Tliq values: 1860±40, 1820±40, 1790±40 (C. The average value of liquidus temperature is Tliq=1820±40 (C.
3.5. PRS24

Experimental objective: determine liquidus temperature for the specified corium composition and synthesize the primary crystallization phase by the slow reduction of the HF generator power.

The experiment was conducted in the atmosphere of high-purity argon. Molten pool having the surface temperature of ~2200 ºC (Fig. 3.17) was produced and homogenized by sec. 1460 of the experiment. At 1470 s the tungsten probe was used to measure the pool depth and bottom crust, which were 33 and 4.5 mm, respectively. From 1690 till 1810 s the generator mode was optimized. Following this from 2130 to 2200 s the rehearsal manipulations were performed - the crucible was moved, and its position was fixed at the formation of solid regions on the melt surface. Even at a considerable shift of the crucible vs. inductor the crust could not be formed. At 2650, 2850 s melt samples were taken and liquidus temperatures were measured by the method of short-term HF heating disconnection. At 3090 s the automatic mode for gradual reduction of plate current was turned on. This was done to synthesize the phase of primary crystallization at the molten pool periphery. At 3970 s the test was terminated  the HF heating disconnection due to the melt spillages between crucible sections. 

Pyrometer readings (Tmel), and changes of voltage (Ua), plate current (Ia) versus time are given in Fig. 3.17 Figs. 3.18 – 3.19 show fragments of thermograms during VPA IMCC.
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Fig. 3.17 -History of the plate current (Ia), voltage (Ua), pyrometer readings (Tmel) in PRS24

[image: image30]
Fig. 3.18 –Thermogram fragment from PRS24


[image: image31]
Fig. 3.19 –Thermogram fragment from PRS24

The three processed thermograms give the following measured Tliq values: 1950±40 and 1930±40 (C. The average value of liquidus temperature is Tliq=1940±40 (С.

3.6. PRS25
Experimental objective: determine liquidus temperature for the specified corium composition and synthesize the primary crystallization phase by the slow reduction of the HF generator power.

The experiment was conducted in the atmosphere of high-purity argon. Molten pool having the surface temperature of ~2450 (C (Fig. 3.20) was produced and homogenized by sec. 1724 of the experiment. At 1844 s the tungsten probe was used to measure the pool depth and bottom crust, which were 25 and 4 mm, respectively. After that from 1932 till 2329 s the stuck crusts were removed from crucible sections, and the tentative shift of the crucible to form the  film-crusts on the molten pool surface. Even at a considerable shift of the crucible vs. inductor the crust could not be formed. At 2410, 2840, 3440 s melt samples were taken and liquidus temperatures were measured by the method of short-term HF heating disconnection. At 3650 s the automatic mode for gradual reduction of plate current was turned on. This was done to synthesize the phase of primary crystallization at the molten pool periphery. At 6509 s the HF heating was disconnected and the ingot was crystallized in the argon atmosphere. 

Pyrometer readings (Tmel), and changes of voltage (Ua), plate current (Ia) versus time are given in Fig. 3.20. Figs. 3.21 – 3.23 show fragments of thermograms during VPA IMCC.


[image: image32]
Fig. 3.20 -History of the plate current (Ia), voltage (Ua), pyrometer readings (Tmel) in PRS25

[image: image33]
Fig. 3.21 –Thermogram fragment from PRS25


[image: image34]
Fig. 3.22 –Thermogram fragment from PRS25


[image: image35]
Fig. 3.23 –Thermogram fragment from PRS25

The three processed thermograms give the following measured Tliq values: 2320±50, 2310±50, 2290 ±50 (C. The average value of measured liquidus temperature is Tliq=2310±50 (С.

3.7. PRS26
Experimental objective: determine liquidus temperature for the specified corium composition and synthesize the primary crystallization phase by the slow reduction of the HF generator power.

The experiment was conducted in the atmosphere of high-purity argon. Molten pool having the surface temperature of ~1660 (C (Fig. 3.24), was produced and homogenized by sec. 2607 of the experiment. From 2874 to 3010 s the electric parameters of the HF generator were optimized. At 3225 s the tungsten probe was used to measure the pool depth and bottom crust, which were 34 and 5 mm, respectively. At 3370, 3700, 3950 s melt samples were taken and liquidus temperature was measured. At 4202 s the automatic mode for gradual reduction of plate current was turned on. This was done to synthesize the phase of primary crystallization at the molten pool periphery. At 10211 s the HF heating was disconnected and the ingot was crystallized in the argon atmosphere.
Pyrometer readings (Tmel), and changes of voltage (Ua), plate current (Ia) versus time are given in Fig. 3.24. Figs. 3.25 – 3.27 show fragments of thermograms during VPA IMCC.
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Fig. 3.24 -History of the plate current (Ia), voltage (Ua), pyrometer readings (Tmel) in PRS26

[image: image37]
Fig. 3.25 –Thermogram fragment from PRS26


[image: image38]
Fig. 3.26 –Thermogram fragment from PRS26


[image: image39]
Fig. 3.27 –Thermogram fragment from PRS26

The three processed thermograms give the following measured Tliq values: 1670±30, 1630±30, 1620 ±30 (С. The average value of measured liquidus temperature is Tliq=1640±30 (С.

3.8. GPRS experimental procedures
Procedures of all GPRS tests were similar and included:
1 - Weighing of empty crucible.

2 -Layer-by-layer filling of crucible with charge and compacting of each layer.

3 -Weighing of crucible with charge. 

4 - Crucible installation into the furnace,

5 - Degassing of furnace internal space and filling it with argon-hydrogen mixture (Ar+4.2 vol % H2) at 3 atm. pressure

6 - Heating is turned on and exposition is made at 1100(С during 60 minutes.

7 - Stepwise heating to the specified temperature.

8 - Specimen exposition for 5 min followed by its dropping into the quenching chamber (7).

9 - Crucible cooling from the predetermined temperature to 900 (С at the rate of 100 (C/h.
Table 3.1 gives the experimental conditions of the GPRS series.

Table 3.1–GPRS experimental conditions

	Test
	Temperature, (С
	Exposure time, min
	Note

	
	
	
	

	GPRS66
	1000
	60
	Annealing

	
	1750
	5
	Melting

	
	1750-900
	510
	Cooling at 100(C/h

	GPRS74
	1000
	60
	Annealing

	
	1400
	5
	Melting

	
	900
	300
	Cooling at 100(C/h

	GPRS75
	1000
	60
	Annealing

	
	1400
	5
	Melting

	
	1400-900
	300
	Cooling at 100(C/h


4. Posttest physical-chemical analyses
Objective of the posttest analysis is to determine the total and phase compositions of the crystallized oxidic melt samples. The melt crystallization ways were studied by the analysis of polished sections of crystallized ingots. Portions of melt samples were used for the  SEM/EDX, VPA in the Galakhov microfurnace and DTA. Powders were prepared for the chemical analysis and XRF. To ensure the validity of analysis results the elemental material balance was made for all collected molten products of experimental melting sessions.

4.1. Material balance
In order to compose the material balance for a test, the initial charge components and fused products have been weighed with the 0.01 g accuracy. The mass balance data from PRS14, 15, 18, 20(I), 24-26 are summarized in Tab. 4.1.

Table 4.1 – Material balances from PRS14, 15, 18, 20(I), 24-26

	Test
	Introduced into the melt, g
	Gathered, g

	PRS14
	UO2
	60.20
	Melt samples
	17.05

	
	FeO
	180.80
	Ingot
	276.10

	
	Fe
	22.40
	Aerosols
	2.49

	
	СаO
	39.60
	Dry spillages1)
	6.79

	
	Σ
	303.00
	Σ
	302.43

	
	Debalance
	-0.57 (0.19% from the charge)

	PRS15
	UO2
	115.26
	Melt samples
	14.41

	
	FeO
	106.26
	Ingot
	229.45

	
	Fe
	14.42
	Aerosols
	3.79

	
	СаO
	68.01
	Crust above the melt
	46.39

	
	
	
	Dry spillages1)
	8.91

	
	Σ
	303.95
	Σ
	302.95

	
	Debalance
	-1.0 (0.33%)

	PRS18
	UO2
	240.01
	Melt samples
	18.21

	
	FeO
	164.63
	Ingot
	426.70

	
	CaO
	49.85
	Rod sample
	4.76

	
	Fe
	9.38
	Aerosols
	0.23

	
	
	
	Dry spillages1)
	14.81

	
	Σ
	463.87
	Σ
	464.71

	
	Debalance
	+0.84 (0.18%)

	PRS20
	UO2
	192.01
	Ingot
	352.39

	
	СаО
	39.88
	Melt samples
	16.09

	
	FeO
	139.03
	Rod sample
	0.64

	
	Fe
	9.14
	Aerosols
	0.51

	
	
	
	Dry spillages1)
	10.73

	
	Σ
	380.06
	Σ
	380.36

	
	Debalance
	+0.30 (0.09%)

	PRS24
	UO2
	263.63
	Material balance was not made due to the emergency termination of the experiment 

	
	СаО
	13.69
	

	
	FeO
	78.74
	

	
	Fe
	12.59
	

	
	Σ
	368.65
	

	PRS25
	UO2
	296.498
	Ingot
	333.349

	
	СаО
	36.946
	Melt samples
	12.795

	
	FeO
	28.338
	Aerosols
	2.530

	
	Fe
	6.868
	Dry spillages1)
	17.099

	
	
	
	Rod sample
	3.465

	
	Σ
	368.650
	Σ
	369.142

	
	Debalance
	+0.492 (0.13%)

	PRS26
	UO2
	145.962
	Melt samples
	13.014

	
	СаО
	75.784 
	Ingot (в т.ч. корки 83.555г)
	249.010

	
	FeO
	52.314
	Rod sample
	5.562

	
	Fe
	8.741
	Aerosols
	0.176

	
	
	
	Dry spillages1)
	14.990

	
	Σ
	282.801
	Σ
	282.752

	
	Debalance
	-0.049 (0.02%)


Note:

1) “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly.

In all completed experiments (excluding PRS24, for which the material balance was not made) the imbalance did not exceed (0.02÷0.33 percent) from the charge, which testifies to the reliability of experimental results. 

4.2. Chemical analysis
The quenched melt samples taken during  experiments PRS14, 15, 18, 20, 24-26 were used to prepare specimens for chemical analysis. At first they were crushed to the particle size of < 1 mm, quartered to get the average sample and further grinding to the particle size < 50 µm. The resulting specimens were analyzed for the content of Utotal, Fetotal All specimen preparation manipulations were made in the argon atmosphere.

To analyze the specimen a methodology was used, which included the dissolution  of the 0.1 g ground corium portion in the mixture of concentrated  orthophosphoric and sulfuric acids (1:2) in the argon current and further determination of Utotal by spectrophotometry   from the solution using the arsenazo III reagent [14-16], and Fetotal with  orthophenanethroline [11, 12] .
The method for determining Utotal is based on the formation of colored compounds of tetravalent uranium with arsenazo III in 4 N HCl. For uranium reduction the granulated zinc is used in presence of ascorbic acid. Interacting with arsenazo III the tetravalent uranium forms the green complex; if arsenazo is in excess, a mixed violet color of different shades is observed. The spectral photometric determination gives best results at the 2-5 fold molar excess of the reagent. The coloring develops practically instantly, and it remains stable at least for 2 hours. The method enables a separate determination of tetravalent uranium and total uranium in the solution. 
The amount of hexavalent uranium is determined by calculating the difference between U(IV) and total U.

Tab. 4.2 present the results of the fused products chemical analysis from PRS14, 15, 18, 20, 24-26 recalculated into oxides. 

Table 4.2 – Chemical analysis data on the fused products from PRS14, 15, 18, 20, 24-26
	Test
	Sample
	Content, mass %/ mol.%

	
	
	UO2
	FeO
	CaO1)

	PRS14
	#1
	17.15

4.95
	65.88

71.47
	16.97

23.58

	
	#2
	16.74

4.83
	66.90

72.47
	16.36

22.70

	
	#3
	18.08

5.26
	65.01
71.06
	16.91
23.68

	PRS15
	#1
	35.97

11.82
	37.85

46.75
	26.18

41.43

	
	#2
	35.68

11.67
	37.40

45.96
	26.92

42.38

	
	#3
	36.42

12.02
	37.50

46.52
	26.08

41.45

	PRS18
	#1
	30.96

10.29
	59.18

73.93
	9.86

15.78

	
	#2
	31.97

10.71
	57.74

72.69
	10.29

16.60

	
	#3
	30.75

10.17
	58.55

72.79
	10.70

17.04

	PRS20
	#1
	61.23
27.54
	24.22
40.95
	14.55
31.41

	
	#2
	59.49
26.22
	26.18
43.37
	14.33
30.41

	
	#3
	59.05
26.16
	28.91
48.14
	12.05
25.70

	PRS24
	#1
	61.58
28.94
	31.99
56.51
	6.43
14.55

	
	#2
	61.09
28.91
	35.17
62.57
	3.74
8.52

	PRS25
	#1
	81.13
50.02
	9.31
21.57
	9.56
28.41

	
	#2
	81.06
48.50
	9.47
21.29
	10.47
30.21

	
	#3
	81.02

49.85
	9.41
21.76
	9.57
28.39

	PRS26
	#1
	53.53

20.97
	21.03

30.96
	25.44

48.06

	
	#2
	52.51

20.29
	21.29

30.91
	26.20

48.80

	
	#3
	52.04

20.15
	23.58

34.32
	24.38

45.53


Notes:

1) – calculated from the residue.
4.3. The X-ray fluorescence analysis (XRF)
The elemental composition of the fused products was determined by the XRF method using the SPECTROSCAN MAX-GV [17].

To produce melt samples from PRS14, 15, 18, 20, 24-26 for the XRF analysis, they were ground into powders with particles not exceeding 50 µm. Then, the powders were compacted into pellets for the analysis. All the works on samples preparation were performed in argon.

Tab. 4.3 present the XRF data on corium samples from PRS14, 15, 18, 20, 24-26 recalculated into oxides.

Table 4.3 –XRF data for melt samples from PRS14, 15, 18, 20, 24, 25, 26

	Test
	Sample
	Content, mass %/ mol.%

	
	
	UO2
	FeO
	CaO

	PRS14
	#1
	18.85
5.57
	67.48
74.97
	13.67
19.46

	
	#2
	19.27
5.71
	66.52
74.03
	14.22
20.27

	
	#3
	19.32
5.73
	66.74
74.38
	13.94
19.90

	PRS15
	#1
	38.28
12.96
	37.95
48.29
	23.77
38.75

	
	#2
	38.04
12.85
	38.28
48.62
	23.68
38.53

	
	#3
	37.89
12.79
	38.43
48.74
	23.68
38.48

	PRS18
	#1
	30.76

10.20
	59.28

73.89
	9.96

15.91

	
	#2
	31.91

10.69
	58.05

73.11
	10.04

16.20

	
	#3
	30.80

10.20
	58.75

73.13
	10.45

16.67

	PRS20
	#1
	61.41

27.83
	25.15

42.84
	13.44

29.33

	
	#2
	59.02

25.93
	27.15

44.82
	13.83

29.25

	
	#3
	59.76

26.50
	26.49

44.15
	13.75

29.36

	PRS24
	#1
	59.97
27.87
	35.56
62.13
	4.47
10.00

	
	#2
	58.62
26.76
	36.68
62.91
	4.70
10.33

	PRS25
	#1
	82.03
51.82
	9.73
23.10
	8.25
25.09

	
	#2
	82.38
52.26
	9.06
21.59
	8.56
26.15

	
	#3
	81.61
50.98
	9.52
22.34
	8.87
26.67

	PRS26
	#1
	54.26
21.44
	20.38
30.25
	25.36
48.31

	
	#2
	52.47
20.26
	21.37
31.02
	26.16
48.72

	
	#3
	51.84
19.88
	21.89
31.55
	26.27
48.57


The comparison of corium sample analysis made by XRF and chemical analysis showed a certain difference in results within the measurement errors. The XRF data are considered to be more reliable, because the CaO content was not determined by the chemical analysis; it was calculated from the residue.

Tab. 4.4 present the XRF data on the fused products from PRS25, as well as the elemental material balance recalculated into oxides.

Table 4.4 – XRF data on on the fused products and the elemental material balance from PRS25
	Item
	Content, mass %
	Mass, g
	Mass of oxides, g 

	
	UO2
	FeO
	CaO
	
	UO2
	FeO
	CaO

	Melt sample #1
	82.019
	9.730
	8.251
	3.333
	2.734
	0.324
	0.275

	Melt sample #2
	82.383
	9.055
	8.562
	5.268
	4.340
	0.477
	0.451

	Melt sample #3
	81.616
	9.516
	8.868
	4.194
	3.423
	0.399
	0.372

	Ingot
	81.691
	8.390
	9.919
	158.165
	129.207
	13.270
	15.688

	Crust above the melt 
	80.967
	10.077
	8.956
	175.184
	141.841
	17.653
	15.689

	Aerosols
	26.997
	72.348
	0.655
	2.530
	0.683
	1.830
	0.017

	Dry spillages
	58.752
	12.397
	28.851
	17.099
	10.046
	2.120
	4.933

	Rod sample
	83.804
	7.924
	8.272
	3.465
	2.904
	0.275
	0.287

	Collected, g
	295.177
	36.348
	37.712

	Introduced, g
	296.498
	36.252
	36.946

	Imbalance, g
	-1.321
	+0.096
	+0.766

	% from introduced
	0.45
	0.27
	2.07


The provided PRS25 material balance shows that the imbalance of UO2 (-1.321 g), FeO (+0.096 g), CaO (+0.766 g) is less than 0.5% of the introduced quantity for uranium and iron oxides and 2% for calcium oxide.

Tab. 4.5 present the XRF data on the fused products from PRS26, as well as the elemental material balance recalculated into oxides.

Table 4.5 – XRF data on on the fused products and the elemental material balance from PRS26
	Item
	Content, mass %
	Mass, g
	Mass of oxides, g 

	
	UO2
	FeO
	CaO
	
	UO2
	FeO
	CaO

	Melt sample #1
	54.26
	20.38
	25.36
	4.232
	2.296
	0.863
	1.073

	Melt sample #2
	52.47
	21.37
	26.16
	4.617
	2.423
	0.987
	1.207

	Melt sample #3
	51.84
	21.89
	26.27
	4.165
	2.159
	0.912
	1.094

	Ingot
	53.58
	20.01
	26.41
	165.455
	88.651
	33.107
	43.697

	Crust above the melt 
	50.36
	22.24
	27.40
	83.555
	42.076
	18.580
	22.899

	Aerosols
	25.10
	74.20
	0.70
	0.176
	0.044
	0.131
	0.001

	Dry spillages
	34.22
	32.81
	32.97
	14.990
	5.129
	4.919
	4.942

	Rod sample
	45.38
	21.63
	32.98
	5.562
	2.524
	1.203
	1.835

	Collected, g
	145.302
	60.702
	76.748

	Introduced, g
	145.962
	61.055
	75.784

	Imbalance, g
	-0.66
	-0.353
	0.964

	% from introduced
	0.45
	0.58
	1.27


It can be seen from the PRS26 material balance that the imbalance for uranium oxide (-0.660 g), iron oxide (-0.353 g), calcium oxide (+0.964 г)  are less than 0.6% of the introduced quantity for uranium and iron oxides and less than 1.3% for calcium oxide. 

To verify the analyses data the material balance was made selectively for the PRS25-26 experiments. The completed mass balance testifies to a rather high convergence of the produced data. The complete analysis of molten products was not made for other experiments due to the complexity and high labor consumption of the specimen preparation work.

5. The results of SEM/EDX analysis of the UO2–FeO–CaO - system
The SEM analysis employed Hitachi S-570 (Japan), while the elemental analysis of the chosen regions of ingots and samples was done by a microanalysis system Bruker Quantax 200 (Germany).

For each region, the spectral characteristic was measured and used for determining the integral composition and of each individual phase. The quantitative analysis used the method of fundamental parameters.

The limit of an element reliable detection depends on its atomic number in the periodic table and varies from 0.5 mass % for light elements to 0.3 mass % for heavy ones. Detection of smaller quantities would be unreliable.

Depending on the electron beam energy and sample composition, the depth of electronic probe penetration varies from 1 to 5 µm. A microanalyzer detects radiation in a still thinner layer of ~1 µm.

The obtained results are presented in Figs. 5.1-5.81 and in Tabs. 5.1-5.68.

5.1. PRS14

Figs 5.1-5.16 and Tables 5.1-5.13 show the SEM/EDX results of the melt samples and polished ingot section of PRS14.

The microstructure of crystallized melt samples is shown in Figs. 5.1-5.5. The dendrite-crystallized phase (phase of primary crystallization) is the FeO-based phase. The inter-dendrite space  has the eutectic-type structure, which consists of two phases, as a minimum. The composition of the heavier phase (lighter in color, rare rhombus-like crystals, e.g. Fig. 5.3, region 1-1) is presented in Table 5.3 (point P1), and it corresponds to the CaUO3 compound. The presence of iron oxide in the analysis data can be attributed both to the solubility of iron oxide  in the CaUO3-based phase and to the capture of matrix phase due to the small size of the  analyzed crystal. Composition of the second light phase (which is one of the phases composing eutectics), which is more dispersive than the CaUO-based phase,  is not possible to identify by the EDX method due to the small size of crystals. But the ratio of Ca:U cations enables to assume that in the eutectically crystallized region, beside the matrix phase - FeO(CaO) solid solution (Table 5.3, points P4 and P5) the crystals of UO2(CaO) solid solution are present (Table 5.3, points P2 and P3). It should be noted that  this binary eutectic composition predominantly crystallizes  in the melt samples. The SEM/EDX method did not identify the ternary eutectics in the samples.

The microstructure analysis of the crystallized ingot  shows the character and sequence of phase crystallization in the studied concentration-temperature region at slow cooling. The phase of primary crystallization is composed by dendrites based on the FeO(CaO) solid solution. At this the phase co-crystallizes with a darker phase (lighter in weight), which in accordance with EDX corresponds to the Ca2Fe2O5 composition. Two types of the eutectically crystallized structures can be identified between the considered dendrites. Structure of the first type -   light-colored two-phase eutectics (Fig. 5.9, region SQ1) and structure of the second type – darker three-phase eutectics (Fig. 5.9, region SQ2). At this in terms of morphology the eutectically crystallized zones can be both of the dot type (Fig. 5.7, region SQ7), and of the “rain” type (Fig. 5.7, region SQ8), which testifies to their directed growth and can introduce the uncertainty into the measurement of eutectic compositions. We should also note the presence of the third type eutectics, which is formed by the FeO and Ca2Fe2O5- based phases (Fig. 5.10, region 4-1-1). In the microstructure its fraction is not large, and because of that it was not possible to   identify its composition in experiment PRS14.

Above the zone enriched with eutectically crystallized  structures directly at the ingot surface light-colored crystals are observed, which correspond to the CaUO3 phase. Their appearance can be attributed to the recrystallization processes, which lead to the growth of this phase  in the above-melt crust.

In the ingot bottom part (template #2) eutectic crystallization zones are absent, and in the structure three zones can be identified: CaUO3-based, а FeO(CaO) solid solution-based and metallic iron. The presence of metallic iron is explained  by its use in the experiment as a stoichiometric getter. 

The statistical processing of the EDX data of experiment PRS14 is given in tables 5.14 and 5.15. Table 5.14 gives the averaged EDX data for samples 1-3 of PRS14, and Table 5.15 summarized EDX data for eutectic zones found in samples and ingot.
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Fig. 5.1 -Micrograph of sample 1. PRS14
Table 5.1 -EDX data on sample 1

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	11.5
	59.0
	10.1
	19.4
	12.6
	73.6
	13.8
	Bulk composition

	
	mol. %
	1.9
	41.1
	9.9
	47.1
	3.6
	77.8
	18.6
	

	SQ2
	mass %
	11.9
	57.1
	10.5
	20.5
	13.3
	72.3
	14.4
	

	
	mol. %
	1.9
	39.1
	10.0
	49.0
	3.8
	76.7
	19.6
	

	SQ3
	mass %
	13.5
	57.0
	9.7
	19.8
	15.0
	71.7
	13.3
	

	
	mol. %
	2.2
	39.9
	9.5
	48.3
	4.3
	77.3
	18.4
	

	P1
	mass %
	37.2
	34.0
	10.4
	18.4
	42.0
	43.5
	14.5
	Mixture of phases

	
	mol. %
	7.2
	28.0
	12.0
	52.8
	15.2
	59.4
	25.4
	

	P2
	mass %
	0.6
	71.9
	9.5
	18.0
	0.7
	86.9
	12.4
	FeO(CaO)

	
	mol. %
	0.1
	48.6
	8.9
	42.4
	0.2
	84.4
	15.5
	



[image: image41]
Fig. 5.2 -Micrograph of sample 2. PRS14
Table 5.2 -EDX data on sample 2
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	12.4
	57.2
	10.4
	20.0
	13.8
	72.0
	14.3
	Bulk composition

	
	mol. %
	2.0
	39.6
	10.1
	48.3
	3.9
	76.7
	19.4
	

	SQ2
	mass %
	12.2
	59.4
	10.4
	18.0
	13.3
	72.9
	13.9
	

	
	mol. %
	2.1
	42.5
	10.4
	45.0
	3.7
	77.4
	18.9
	

	SQ3
	mass %
	11.1
	61.1
	10.5
	17.3
	11.9
	74.2
	13.9
	

	
	mol. %
	1.9
	44.0
	10.5
	43.6
	3.3
	78.0
	18.7
	

	SQ4
	mass %
	11.6
	60.1
	10.2
	18.1
	12.6
	73.8
	13.6
	

	
	mol. %
	1.9
	42.9
	10.1
	45.0
	3.5
	78.0
	18.4
	

	SQ5
	mass %
	18.6
	55.9
	9.2
	16.4
	20.0
	67.9
	12.1
	Two-phase Eutectics

	
	mol. %
	3.4
	42.9
	9.8
	43.9
	6.0
	76.5
	17.5
	

	SQ6
	mass %
	1.6
	70.7
	11.3
	16.4
	1.7
	83.8
	14.5
	FeO(CaO)

	
	mol. %
	0.3
	49.0
	10.9
	39.8
	0.4
	81.5
	18.1
	

	P1
	mass %
	53.8
	20.3
	13.5
	12.4
	57.5
	24.7
	17.8
	Dendrit CaUO3

	
	mol. %
	13.3
	21.4
	19.7
	45.7
	24.4
	39.3
	36.3
	

	P2
	mass %
	21.3
	53.2
	8.4
	17.1
	23.2
	65.5
	11.3
	Two-phase Eutectics

	
	mol. %
	3.9
	41.0
	9.1
	46.1
	7.1
	76.0
	16.8
	

	P3
	mass %
	0.5
	73.0
	10.5
	15.9
	0.6
	86.0
	13.5
	FeO(CaO)

	
	mol. %
	0.1
	50.9
	10.2
	38.8
	0.1
	83.1
	16.7
	



[image: image42]
Fig. 5.3 -Micrograph of sample 3. PRS14
Table 5.3 -EDX data on sample 3
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	11.9
	55.9
	9.7
	22.6
	13.7
	72.7
	13.7
	Bulk composition

	
	mol. %
	1.9
	37.0
	8.9
	52.2
	3.9
	77.5
	18.7
	

	SQ2
	mass %
	9.5
	58.1
	9.9
	22.6
	10.9
	75.2
	13.9
	

	
	mol. %
	1.5
	38.0
	9.0
	51.5
	3.0
	78.4
	18.6
	

	P1
	mass %
	61.0
	6.2
	11.2
	21.6
	74.5
	8.6
	16.9
	Dendrit CaUO3

	
	mol. %
	12.9
	5.5
	14.0
	67.6
	39.6
	17.1
	43.3
	

	P2
	mass %
	20.8
	48.3
	8.3
	22.6
	24.2
	63.9
	11.9
	Two-phase Eutectics

	
	mol. %
	3.4
	33.6
	8.0
	55.0
	7.5
	74.6
	17.8
	

	P3
	mass %
	22.4
	49.0
	7.3
	21.3
	25.8
	63.9
	10.3
	

	
	mol. %
	3.8
	35.3
	7.3
	53.6
	8.2
	76.1
	15.7
	

	P4
	mass %
	0.4
	66.9
	9.4
	23.3
	0.5
	86.3
	13.2
	FeO(CaO)

	
	mol. %
	0.1
	41.4
	8.1
	50.4
	0.1
	83.5
	16.4
	

	P5
	mass %
	0.5
	69.4
	8.6
	21.4
	0.6
	87.6
	11.8
	

	
	mol. %
	0.1
	44.4
	7.7
	47.9
	0.2
	85.1
	14.8
	



[image: image43]
Fig. 5.4 -Micrograph of sample 4. PRS14
Table 5.4 -EDX data on sample 4
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	12.0
	59.3
	9.8
	18.8
	13.1
	73.6
	13.2
	Bulk composition

	
	mol. %
	2.0
	41.9
	9.7
	46.4
	3.7
	78.3
	18.0
	

	SQ2
	mass %
	12.8
	58.6
	9.7
	18.9
	14.0
	72.8
	13.2
	

	
	mol. %
	2.1
	41.5
	9.6
	46.8
	4.0
	77.9
	18.1
	

	SQ3
	mass %
	11.8
	58.7
	9.8
	19.7
	13.0
	73.6
	13.4
	

	
	mol. %
	1.9
	40.8
	9.5
	47.8
	3.7
	78.1
	18.2
	

	SQ4
	mass %
	12.7
	56.5
	9.7
	21.1
	14.3
	72.2
	13.5
	

	
	mol. %
	2.0
	38.6
	9.3
	50.2
	4.1
	77.4
	18.6
	

	SQ5
	mass %
	13.2
	56.2
	9.6
	21.0
	14.9
	71.7
	13.4
	

	
	mol. %
	2.1
	38.5
	9.2
	50.1
	4.3
	77.3
	18.5
	

	P1
	mass %
	23.6
	48.1
	9.8
	18.5
	26.1
	60.5
	13.4
	Two-phase Eutectics

	
	mol. %
	4.2
	36.5
	10.4
	49.0
	8.2
	71.5
	20.3
	

	P2
	mass %
	0.7
	76.7
	6.5
	16.1
	0.7
	90.9
	8.4
	FeO(CaO)

	
	mol. %
	0.1
	53.9
	6.4
	39.6
	0.2
	89.3
	10.6
	



[image: image44]
Fig. 5.5 -Micrograph of sample 5. PRS14

Table 5.5 -EDX data on sample 5
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	12.0
	58.0
	10.4
	19.6
	13.3
	72.6
	14.1
	Bulk composition

	
	mol. %
	2.0
	40.4
	10.0
	47.6
	3.8
	77.1
	19.2
	

	SQ2
	mass %
	11.3
	58.6
	10.3
	19.9
	12.5
	73.5
	14.0
	

	
	mol. %
	1.8
	40.4
	9.9
	47.9
	3.5
	77.5
	19.0
	

	SQ3
	mass %
	12.1
	57.9
	10.5
	19.5
	13.3
	72.4
	14.2
	

	
	mol. %
	2.0
	40.4
	10.2
	47.5
	3.8
	76.9
	19.4
	

	SQ4
	mass %
	12.7
	57.6
	10.0
	19.7
	14.1
	72.3
	13.6
	

	
	mol. %
	2.1
	40.2
	9.7
	48.0
	4.0
	77.4
	18.6
	

	P1
	mass %
	46.4
	31.5
	9.1
	13.0
	49.7
	38.3
	12.0
	Dendrit

	
	mol. %
	10.9
	31.4
	12.6
	45.1
	19.8
	57.2
	23.0
	

	P2
	mass %
	53.3
	17.3
	11.1
	18.3
	61.5
	22.7
	15.8
	

	
	mol. %
	11.4
	15.9
	14.2
	58.5
	27.6
	38.3
	34.1
	

	P3
	mass %
	24.3
	47.4
	8.9
	19.5
	27.3
	60.4
	12.4
	Two-phase Eutectics

	
	mol. %
	4.3
	35.5
	9.3
	50.9
	8.7
	72.3
	19.0
	

	P4
	mass %
	21.9
	49.4
	9.4
	19.3
	24.4
	62.6
	12.9
	

	
	mol. %
	3.8
	36.6
	9.7
	50.0
	7.6
	73.1
	19.3
	

	P5
	mass %
	1.6
	66.5
	11.8
	20.1
	1.7
	82.3
	16.0
	FeO(CaO)

	
	mol. %
	0.2
	43.3
	10.8
	45.7
	0.4
	79.7
	19.8
	

	P6
	mass %
	0.7
	64.8
	12.7
	21.8
	0.7
	81.8
	17.5
	

	
	mol. %
	0.1
	40.8
	11.2
	48.0
	0.2
	78.4
	21.4
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Fig. 5.6 -A polished section #1 from PRS14 with regions marked for the SEM/EDX analysis
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Fig. 5.7. -Micrograph of region 1. PRS14
Table 5.6 -EDX data on region 1
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	6.2
	57.0
	16.6
	20.2
	6.8
	70.8
	22.5
	Bulk composition

	
	mol. %
	1.0
	37.5
	15.2
	46.3
	1.8
	69.8
	28.4
	

	SQ2
	mass %
	6.1
	57.4
	16.7
	19.8
	6.6
	70.9
	22.4
	

	
	mol. %
	0.9
	38.0
	15.4
	45.7
	1.7
	69.9
	28.4
	

	SQ3
	mass %
	6.4
	56.7
	16.9
	20.1
	7.0
	70.3
	22.8
	

	
	mol. %
	1.0
	37.3
	15.5
	46.2
	1.8
	69.4
	28.8
	

	SQ4
	mass %
	9.9
	50.5
	19.0
	20.6
	10.9
	63.2
	25.8
	Ternary eutectic

	
	mol. %
	1.5
	33.4
	17.5
	47.6
	2.9
	63.7
	33.3
	

	SQ5
	mass %
	9.9
	50.4
	20.4
	19.4
	10.7
	62.0
	27.3
	

	
	mol. %
	1.6
	33.9
	19.1
	45.4
	2.9
	62.1
	35.1
	

	SQ6
	mass %
	9.4
	50.2
	20.1
	20.3
	10.3
	62.4
	27.2
	

	
	mol. %
	1.5
	33.2
	18.5
	46.8
	2.8
	62.4
	34.9
	

	SQ7
	mass %
	9.6
	49.8
	21.1
	19.5
	10.5
	61.4
	28.2
	

	
	mol. %
	1.5
	33.4
	19.6
	45.5
	2.8
	61.2
	36.0
	

	SQ8
	mass %
	9.6
	50.9
	20.3
	19.1
	10.4
	62.4
	27.1
	

	
	mol. %
	1.5
	34.3
	19.1
	45.0
	2.8
	62.4
	34.8
	

	P1
	mass %
	9.4
	51.5
	20.5
	18.6
	10.1
	62.7
	27.2
	

	
	mol. %
	1.5
	35.0
	19.4
	44.2
	2.7
	62.6
	34.7
	

	P2
	mass %
	15.7
	53.0
	12.3
	18.9
	17.3
	66.0
	16.7
	FeO (CaO) (including eutectics)

	
	mol. %
	2.6
	37.9
	12.3
	47.2
	5.0
	71.8
	23.2
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Fig. 5.8. -Micrograph of region 2. PRS14
Table 5.7 -EDX data on region 2
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	P1
	mass %
	63.4
	0.8
	11.9
	23.8
	80.2
	1.2
	18.6
	CaUO3

	
	mol. %
	12.9
	0.7
	14.4
	72.0
	46.1
	2.6
	51.3
	

	P2
	mass %
	66.3
	0.9
	12.3
	20.5
	80.4
	1.3
	18.4
	

	
	mol. %
	14.8
	0.9
	16.3
	68.0
	46.3
	2.8
	50.9
	

	P3
	mass %
	0.8
	73.9
	8.1
	17.2
	0.9
	88.6
	10.6
	FeO(CaO)

	
	mol. %
	0.1
	50.8
	7.8
	41.3
	0.2
	86.6
	13.2
	

	P4
	mass %
	0.8
	74.3
	7.9
	17.0
	0.8
	88.9
	10.2
	

	
	mol. %
	0.1
	51.3
	7.6
	41.0
	0.2
	86.9
	12.8
	

	P5
	mass %
	4.6
	81.2
	7.1
	7.1
	4.4
	87.3
	8.3
	

	
	mol. %
	0.9
	69.5
	8.5
	21.1
	1.2
	88.0
	10.8
	

	P6
	mass %
	0.8
	78.4
	3.5
	17.3
	0.8
	94.5
	4.6
	

	
	mol. %
	0.1
	54.5
	3.4
	41.9
	0.2
	93.9
	5.9
	

	P7
	mass %
	0.8
	74.3
	7.2
	17.7
	0.8
	89.7
	9.5
	

	
	mol. %
	0.1
	50.8
	6.9
	42.2
	0.2
	87.8
	11.9
	

	P8
	mass %
	1.1
	45.5
	31.8
	21.5
	1.2
	56.1
	42.7
	Ca2Fe2O5

	
	mol. %
	0.2
	27.5
	26.8
	45.5
	0.3
	50.5
	49.2
	

	P9
	mass %
	1.0
	44.6
	32.9
	21.5
	1.1
	54.8
	44.1
	

	
	mol. %
	0.1
	26.9
	27.7
	45.3
	0.3
	49.1
	50.6
	



[image: image49]
Fig. 5.9 -Micrograph of region 3. PRS14
Table 5.8 -EDX data on region 3
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	15.6
	56.7
	9.1
	18.6
	17.1
	70.5
	12.3
	Two-phase Eutectics

	
	mol. %
	2.7
	41.1
	9.2
	47.0
	5.0
	77.6
	17.4
	

	SQ2
	mass %
	9.4
	51.2
	19.9
	19.6
	10.2
	63.1
	26.7
	Ternary eutectic

	
	mol. %
	1.5
	34.3
	18.5
	45.7
	2.7
	63.1
	34.2
	

	P1
	mass %
	1.0
	80.2
	2.7
	16.1
	1.0
	95.5
	3.5
	FeO(CaO)

	
	mol. %
	0.2
	57.1
	2.7
	40.1
	0.3
	95.3
	4.5
	

	P2
	mass %
	1.1
	80.1
	3.2
	15.6
	1.1
	94.7
	4.1
	

	
	mol. %
	0.2
	57.5
	3.2
	39.1
	0.3
	94.4
	5.3
	

	P3
	mass %
	0.9
	78.6
	3.5
	17.0
	1.0
	94.5
	4.5
	

	
	mol. %
	0.2
	54.9
	3.4
	41.5
	0.3
	94.0
	5.8
	

	P4
	mass %
	2.1
	55.0
	22.5
	20.3
	2.3
	67.6
	30.1
	Ca2Fe2O5 

	
	mol. %
	0.3
	34.9
	19.9
	44.9
	0.6
	63.3
	36.1
	

	P5
	mass %
	0.6
	58.4
	18.4
	22.5
	0.7
	74.0
	25.3
	

	
	mol. %
	0.1
	35.9
	15.8
	48.3
	0.2
	69.4
	30.5
	



[image: image50]
Fig. 5.10 -Micrograph of region 4. PRS14

[image: image51]
Fig. 5.11 -Micrograph of regions 5-7. PRS14
Table 5.9 -EDX data on regions 6-7
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	6.2
	57.5
	16.8
	19.4
	6.7
	70.8
	22.5
	Bulk composition

	
	mol. %
	1.0
	38.3
	15.6
	45.2
	1.8
	69.8
	28.4
	

	SQ2
	mass %
	9.3
	50.9
	20.5
	19.3
	10.1
	62.6
	27.3
	Ternary eutectic

	
	mol. %
	1.5
	34.1
	19.1
	45.3
	2.7
	62.4
	34.9
	

	P1
	mass %
	0.9
	79.1
	3.8
	16.3
	0.9
	94.2
	4.9
	FeO(CaO)

	
	mol. %
	0.1
	55.9
	3.7
	40.2
	0.2
	93.6
	6.2
	

	P2
	mass %
	1.3
	72.0
	9.5
	17.2
	1.4
	86.3
	12.4
	

	
	mol. %
	0.2
	49.4
	9.1
	41.3
	0.4
	84.2
	15.5
	

	P3
	mass %
	9.3
	49.7
	20.9
	20.1
	10.2
	61.6
	28.2
	Ternary eutectic

	
	mol. %
	1.4
	32.8
	19.3
	46.4
	2.7
	61.3
	36.0
	

	P4
	mass %
	70.7
	4.3
	12.0
	13.0
	78.2
	5.4
	16.4
	CaUO3

	
	mol. %
	20.0
	5.2
	20.2
	54.6
	44.1
	11.5
	44.4
	

	P5
	mass %
	1.0
	79.3
	3.4
	16.3
	1.0
	94.5
	4.4
	FeO(CaO)

	
	mol. %
	0.2
	56.1
	3.4
	40.4
	0.3
	94.1
	5.7
	

	P6
	mass %
	1.9
	47.6
	29.0
	21.5
	2.1
	58.9
	39.0
	Ca2Fe2O5

	
	mol. %
	0.3
	29.1
	24.7
	45.9
	0.5
	53.8
	45.7
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Fig. 5.12 -A polished section #2 from PRS14 with regions marked for the SEM/EDX analysis

[image: image53]
Fig. 5.13 -Micrograph of region 1. PRS14
Table 5.10 -EDX data on region 1
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	17.6
	63.7
	5.4
	13.3
	18.3
	74.9
	6.9
	-

	
	mol. %
	3.4
	52.4
	6.1
	38.1
	5.5
	84.6
	9.9
	

	P1
	mass %
	74.9
	-
	10.7
	14.4
	85.1
	-
	14.9
	CaUO3

	
	mol. %
	21.3
	-
	18.0
	60.8
	54.2
	-
	45.8
	

	P2
	mass %
	-
	81.4
	2.1
	16.5
	-
	97.2
	2.8
	FeO(CaO)

	
	mol. %
	-
	57.3
	2.1
	40.6
	-
	96.5
	3.5
	

	P3
	mass %
	-
	100
	-
	-
	-
	-
	-
	Fe

	
	mol. %
	-
	100
	-
	-
	-
	-
	-
	



[image: image54]
Fig. 5.14 -Micrograph of region 2. PRS14
Table 5.11 -EDX data on region 2
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	2.8
	94.6
	0.8
	1.8
	-
	-
	-
	Fe

	
	mol. %
	0.6
	92.0
	1.1
	6.3
	-
	-
	-
	

	P1
	mass %
	14.9
	73.0
	4.1
	8.0
	-
	-
	-
	Fe(Ca,U)

	
	mol. %
	3.2
	66.2
	5.2
	25.4
	-
	-
	-
	

	P2
	mass %
	-
	100
	-
	-
	-
	-
	-
	Fe

	
	mol. %
	-
	100
	-
	-
	-
	-
	-
	

	P3
	mass %
	77.8
	-
	11.0
	11.2
	85.2
	-
	14.8
	CaUO3

	
	mol. %
	25.1
	-
	21.0
	53.8
	54.4
	-
	45.6
	

	P4
	mass %
	-
	79.2
	3.8
	17.1
	-
	95.1
	4.9
	FeO(CaO)

	
	mol. %
	-
	55.0
	3.7
	41.4
	-
	93.8
	6.2
	

	P5
	mass %
	-
	100
	-
	-
	-
	-
	-
	Fe

	
	mol. %
	-
	100
	-
	-
	-
	-
	-
	



[image: image55]
Fig. 5.15 -Micrograph of region 3. PRS14
Table 5.12 -EDX data on region 3
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	7.9
	64.6
	8.6
	18.9
	8.6
	79.8
	11.6
	-

	
	mol. %
	1.3
	44.7
	8.3
	45.7
	2.4
	82.3
	15.3
	



[image: image56]
Fig. 5.16 –Micrographs of regions 4-7. PRS14
Table 5.13 -EDX data on regions 4-7
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO

	SQ1
	mass %
	15.3
	65.6
	5.1
	14.1
	15.9
	77.5
	6.5

	
	mol. %
	2.9
	52.3
	5.7
	39.2
	4.7
	86.0
	9.3

	SQ2
	mass %
	10.2
	69.7
	5.3
	14.7
	10.6
	82.5
	6.9

	
	mol. %
	1.8
	53.2
	5.7
	39.3
	3.0
	87.6
	9.4

	SQ3
	mass %
	11.2
	69.0
	5.5
	14.3
	11.6
	81.3
	7.1

	
	mol. %
	2.0
	53.4
	6.0
	38.5
	3.3
	86.9
	9.7

	SQ4
	mass %
	15.4
	67.4
	4.8
	12.4
	15.8
	78.1
	6.1

	
	mol. %
	3.0
	55.7
	5.6
	35.7
	4.7
	86.7
	8.6


Table 5.14 – Averaged results of the  PRS14 samples 1 – 3 EDX analysis

	Content
	UO2
	FeO
	CaO

	Average value
	mass %
	13.3±1.0
	73.0±0.9
	13.7±0.4

	
	mol.%
	3.8±0.3
	77.5±0.5
	18.7±0.4


Table 5.15 - Summarized EDX data for eutectically  crystallized regions in  PRS14 

	Eutectics
	UO2
	FeO
	СаO

	ternary 
(ingot for 8 fields)
	mass %
	10.4±0.3
	62.5±0.6
	27.1±0.7

	
	mol.%
	2.8±0.1
	62.5±0.7
	34.7±0.8

	binary 
(ingot for 1 field)
	mass %
	17.1
	70.5
	12.3

	
	mol.%
	5.0
	77.6
	17.4

	binary 
(samples for 6 fields)
	mass %
	24.1±2.5
	64.0±2.5
	11.8±0.9

	
	mol.%
	7.5±0.9
	74.8±1.7
	17.7±1.3


The SEM/EDX analysis identified the presence of chemical compounds in the eutectic zone, which were formed at the ingot crystallization, these are solid solutions of СаО in FeO (solubility about 5 mol. %), the Ca2Fe2O5 compound and CaUO3- based phase.

5.2. PRS15

Figs. 5.17-5.31 and tables 5.16 – 5.24 give the SEM/EDX data for melt samples and corium ingot of experimentPRS15.

Melt samples have fine dendrite structure, which does not enable phase identification by the EDX method. Heavy (light-colored) phase acts as the dendrite-forming in this experiment. In the inter-dendrite space eutectically crystallized zones are found.

The ingot analysis shows the presence of large eutectic nucleus in the near-surface part (Fig. 5.22, region 2). At this the eutectics is composed of three zones: the CaUO3-based,  the FeO-based (with CaO dissolved in it) and the Ca2Fe2O5-based phase. In the bottom part of the ingot elongated crystals are found, they have two types of microstructure: the lumpy ones correspond to the  CaUO4 composition (Table 5.22, point P1) and the denser ones have a composition close to CaUO3 (Table 5.22, point P2). 


[image: image57]
Fig. 5.17 -Micrograph of sample 1. PRS15
Table 5.16 -EDX data on sample 1

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	27.8
	42.8
	18.2
	11.1
	28.2
	49.1
	22.7
	Bulk composition

	
	mol. %
	5.8
	37.7
	22.3
	34.2
	8.7
	57.3
	33.9
	

	SQ2
	mass %
	29.0
	41.8
	18.0
	11.1
	29.4
	48.1
	22.5
	

	
	mol. %
	6.0
	37.1
	22.3
	34.5
	9.2
	56.7
	34.1
	

	SQ3
	mass %
	-
	67.1
	19.1
	13.8
	-
	76.4
	23.6
	Two-component eutectics 

	
	mol. %
	-
	47.3
	18.8
	33.9
	-
	71.6
	28.4
	

	P1
	mass %
	71.5
	7.7
	14.2
	6.6
	73.2
	9.0
	17.9
	CaUO3-based phase with a capture

	
	mol. %
	25.0
	11.5
	29.3
	34.2
	37.9
	17.5
	44.6
	

	P2
	mass %
	2.4
	65.9
	18.0
	13.7
	2.4
	75.3
	22.4
	Two-component eutectics

	
	mol. %
	0.4
	47.3
	18.0
	34.3
	0.6
	72.0
	27.4
	

	P3
	mass %
	-
	69.0
	19.1
	11.9
	-
	76.9
	23.1
	

	
	mol. %
	-
	50.3
	19.4
	30.3
	-
	72.2
	27.8
	



[image: image58]
Fig. 5.18 -Micrograph of sample 2. PRS15
Table 5.17 -EDX data on sample 2

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	32.4
	38.9
	19.3
	9.3
	32.3
	43.9
	23.8
	Bulk composition

	
	mol. %
	7.2
	36.7
	25.4
	30.7
	10.4
	52.9
	36.7
	

	SQ2
	mass %
	28.8
	39.8
	19.4
	12.0
	29.5
	46.1
	24.4
	

	
	mol. %
	5.9
	34.4
	23.4
	36.3
	9.2
	54.1
	36.7
	



[image: image59]
Fig. 5.19 -Micrograph of sample 3. PRS15
Table 5.18 -EDX data on sample 3

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	29.9
	37.1
	18.9
	14.1
	31.4
	44.1
	24.4
	Bulk composition

	
	mol. %
	5.9
	31.0
	22.0
	41.2
	10.0
	52.7
	37.4
	

	SQ2
	mass %
	30.0
	36.3
	19.6
	14.1
	31.5
	43.2
	25.3
	

	
	mol. %
	5.9
	30.3
	22.8
	41.0
	10.0
	51.4
	38.6
	


[image: image60.png]



Fig. 5.20 -A polished section #1 from PRS15 with regions marked for the SEM/EDX analysis

[image: image61]

[image: image62]
Fig. 5.21 -Micrograph of region 1. PRS15
Table 5.19 -EDX data on region 1
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	77.1
	3.5
	13.2
	6.2
	79.2
	4.1
	16.7
	Refractory layer composition

	
	mol. %
	29.3
	5.7
	29.9
	35.1
	45.2
	8.8
	46.0
	

	SQ2
	mass %
	8.9
	56.1
	21.0
	14.0
	9.0
	64.7
	26.3
	Bulk composition

	
	mol. %
	1.5
	41.2
	21.5
	35.9
	2.4
	64.2
	33.4
	

	SQ3
	mass %
	8.8
	55.1
	21.5
	14.6
	9.0
	63.9
	27.1
	

	
	mol. %
	1.5
	39.9
	21.6
	37.0
	2.4
	63.3
	34.3
	

	P1
	mass %
	81.4
	-
	12.9
	5.7
	83.7
	-
	16.3
	CaUO3

	
	mol. %
	33.6
	-
	31.6
	34.7
	51.5
	-
	48.5
	

	P2
	mass %
	-
	87.2
	4.1
	8.7
	-
	95.2
	4.8
	FeO(CaO)

	
	mol. %
	-
	70.7
	4.6
	24.7
	-
	93.9
	6.1
	

	P3
	mass %
	-
	48.7
	37.0
	14.3
	-
	54.8
	45.2
	Ca2Fe2O5

	
	mol. %
	-
	32.4
	34.3
	33.3
	-
	48.6
	51.4
	



[image: image63]
Fig. 5.22 -Micrograph of region 2. PRS15
Table 5.20 -EDX data on region 2
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	9.4
	54.0
	23.1
	13.4
	9.5
	61.8
	28.7
	Bulk composition

	
	mol. %
	1.6
	39.9
	23.8
	34.7
	2.5
	61.1
	36.4
	

	SQ2
	mass %
	8.7
	53.4
	23.2
	14.7
	8.9
	61.9
	29.2
	

	
	mol. %
	1.5
	38.4
	23.3
	36.8
	2.3
	60.8
	36.8
	

	SQ3
	mass %
	9.0
	52.9
	22.3
	15.7
	9.4
	62.1
	28.5
	

	
	mol. %
	1.5
	37.5
	22.1
	38.9
	2.5
	61.4
	36.1
	

	SQ4
	mass %
	8.7
	53.9
	23.9
	13.6
	8.7
	61.6
	29.7
	

	
	mol. %
	1.5
	39.4
	24.4
	34.7
	2.3
	60.4
	37.3
	

	SQ5
	mass %
	10.3
	50.5
	24.0
	15.3
	10.6
	59.0
	30.4
	Ternary eutectic zones

	
	mol. %
	1.7
	36.2
	23.9
	38.2
	2.8
	58.5
	38.7
	

	SQ6
	mass %
	12.2
	48.9
	24.1
	14.8
	12.5
	56.9
	30.5
	

	
	mol. %
	2.1
	35.7
	24.5
	37.7
	3.4
	57.3
	39.3
	

	P1
	mass %
	67.4
	4.8
	22.0
	5.8
	67.4
	5.4
	27.1
	Phase CaUO3 based

	
	mol. %
	22.1
	6.7
	42.9
	28.3
	30.9
	9.4
	59.8
	

	P2
	mass %
	66.4
	6.4
	20.0
	7.2
	67.5
	7.4
	25.1
	

	
	mol. %
	20.8
	8.5
	37.3
	33.4
	31.2
	12.8
	56.0
	

	P3
	mass %
	-
	84.9
	4.1
	11.0
	-
	95.0
	5.0
	FeO(CaO)

	
	mol. %
	-
	65.8
	4.4
	29.8
	-
	93.7
	6.3
	

	P4
	mass %
	-
	45.6
	32.2
	22.2
	-
	56.6
	43.4
	Ca2Fe2O5

	
	mol. %
	-
	27.1
	26.7
	46.2
	-
	50.4
	49.6
	



[image: image64]
Fig. 5.23 -Micrograph of region 3. PRS15

[image: image65]
Fig. 5.24 -Micrograph of region 4. PRS15
Table 5.21 -EDX data on region 4
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	9.3
	44.8
	18.4
	27.5
	11.3
	61.4
	27.4
	Bulk composition

	
	mol. %
	1.3
	26.6
	15.2
	57.0
	3.0
	61.7
	35.3
	

	SQ2
	mass %
	7.3
	54.6
	20.9
	17.2
	7.7
	65.2
	27.1
	

	
	mol. %
	1.2
	37.5
	20.0
	41.3
	2.0
	64.0
	34.0
	

	SQ3
	mass %
	7.1
	52.9
	20.8
	19.1
	7.7
	64.7
	27.7
	

	
	mol. %
	1.1
	35.2
	19.3
	44.4
	2.0
	63.3
	34.7
	

	SQ4
	mass %
	11.3
	51.5
	22.8
	14.4
	11.5
	59.7
	28.7
	Ternary eutectic zones

	
	mol. %
	1.9
	37.8
	23.3
	36.9
	3.1
	60.0
	36.9
	

	SQ5
	mass %
	12.1
	52.0
	23.2
	12.7
	12.1
	59.2
	28.7
	

	
	mol. %
	2.2
	39.6
	24.6
	33.6
	3.3
	59.6
	37.1
	

	SQ6
	mass %
	11.7
	52.1
	23.3
	12.9
	11.8
	59.4
	28.9
	

	
	mol. %
	2.1
	39.4
	24.6
	33.9
	3.1
	59.7
	37.2
	

	SQ7
	mass %
	13.9
	49.5
	22.6
	14.0
	14.2
	57.4
	28.4
	

	
	mol. %
	2.4
	37.2
	23.6
	36.8
	3.9
	58.8
	37.3
	

	P1
	mass %
	25.0
	36.6
	23.7
	14.7
	26.1
	43.3
	30.6
	Mixture of phases near the CaUO3 phase

	
	mol. %
	4.6
	28.8
	26.1
	40.5
	7.8
	48.4
	43.8
	

	P2
	mass %
	22.5
	51.2
	15.1
	11.2
	22.6
	58.6
	18.8
	

	
	mol. %
	4.5
	43.9
	18.0
	33.5
	6.8
	66.0
	27.2
	

	P3
	mass %
	-
	78.0
	6.2
	15.7
	-
	92.0
	8.0
	FeO(CaO)

	
	mol. %
	-
	55.1
	6.1
	38.8
	-
	90.0
	10.0
	

	P4
	mass %
	-
	82.8
	4.5
	12.7
	-
	94.5
	5.5
	

	
	mol. %
	-
	62.0
	4.7
	33.3
	-
	93.0
	7.0
	

	P5
	mass %
	1.5
	61.2
	22.5
	14.8
	1.6
	70.3
	28.1
	Ca2Fe2O5

	
	mol. %
	0.2
	42.3
	21.7
	35.7
	0.4
	65.8
	33.8
	

	P6
	mass %
	2.4
	50.3
	32.7
	14.7
	2.4
	57.2
	40.4
	

	
	mol. %
	0.4
	34.1
	30.9
	34.7
	0.6
	52.2
	47.3
	

	P7
	mass %
	13.2
	48.8
	24.1
	13.9
	13.4
	56.3
	30.3
	Ternary eutectic zones

	
	mol. %
	2.3
	36.4
	25.1
	36.2
	3.6
	57.0
	39.3
	



[image: image66]
Fig. 5.25 -Micrograph of region 5. PRS15

[image: image67]
Fig. 5.26 -Micrograph of region 6. PRS15
Table 5.22 -EDX data on region 6
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	27.2
	39.8
	18.2
	14.7
	28.7
	47.6
	23.7
	Bulk composition

	
	mol. %
	5.2
	32.4
	20.6
	41.8
	8.9
	55.6
	35.4
	

	SQ2
	mass %
	29.7
	39.9
	20.3
	10.1
	29.7
	45.2
	25.0
	

	
	mol. %
	6.3
	36.1
	25.6
	32.0
	9.3
	53.1
	37.6
	

	P1
	mass %
	77.8
	-
	12.3
	9.8
	83.6
	-
	16.4
	CaUO4-x

	
	mol. %
	26.2
	-
	24.6
	49.2
	51.5
	-
	48.5
	

	P2
	mass %
	84.1
	-
	12.8
	3.1
	84.2
	-
	15.8
	CaUO3

	
	mol. %
	40.7
	-
	36.8
	22.5
	52.6
	-
	47.4
	



[image: image68]
Fig. 5.27 -Micrograph of region 7. PRS15
Table 5.23 -EDX data on region 7
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	43.7
	27.9
	17.9
	10.6
	44.9
	32.5
	22.6
	U-enriched zone

	
	mol. %
	10.3
	27.9
	24.9
	37.0
	16.3
	44.2
	39.5
	

	SQ2
	mass %
	26.7
	38.5
	17.9
	17.0
	28.9
	47.2
	23.9
	U-depleted zone

	
	mol. %
	4.9
	29.8
	19.3
	46.0
	9.0
	55.2
	35.8
	

	P1
	mass %
	82.7
	-
	12.6
	4.7
	84.2
	-
	15.8
	CaUO3

	
	mol. %
	36.4
	-
	32.9
	30.7
	52.6
	-
	47.4
	

	P2
	mass %
	68.9
	-
	24.7
	6.4
	69.3
	-
	30.7
	Ca2UO4

	
	mol. %
	22.2
	-
	47.3
	30.6
	31.9
	-
	68.1
	

	P3
	mass %
	-
	99.0
	-
	1.0
	-
	-
	-
	Fe

	
	mol. %
	-
	96.6
	-
	3.4
	-
	-
	-
	

	P4
	mass %
	-
	47.3
	36.4
	16.2
	-
	54.4
	45.6
	Ca2Fe2O5

	
	mol. %
	-
	30.6
	32.8
	36.6
	-
	48.2
	51.8
	

	P5
	mass %
	81.9
	-
	12.9
	5.2
	83.8
	-
	16.2
	CaUO3

	
	mol. %
	34.7
	-
	32.4
	32.9
	51.8
	-
	48.2
	

	P6
	mass %
	-
	84.8
	2.8
	12.4
	-
	96.6
	3.4
	FeO(CaO)

	
	mol. %
	-
	64.2
	2.9
	32.9
	-
	95.7
	4.3
	

	P7
	mass %
	-
	84.1
	2.4
	13.5
	-
	97.0
	3.0
	

	
	mol. %
	-
	62.5
	2.5
	35.0
	-
	96.2
	3.8
	

	P8
	mass %
	-
	46.0
	35.4
	18.6
	-
	54.5
	45.5
	Ca2Fe2O5

	
	mol. %
	-
	28.7
	30.8
	40.5
	-
	48.3
	51.7
	

	P9
	mass %
	-
	46.7
	34.8
	18.5
	-
	55.3
	44.7
	

	
	mol. %
	-
	29.3
	30.3
	40.4
	-
	49.1
	50.9
	



[image: image69]
Fig. 5.28 -Micrograph of region 8. PRS15

[image: image70]
Fig. 5.29 -Micrograph of region 9. PRS15
Table 5.24 -EDX data on region 9
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	28.4
	41.4
	20.1
	10.2
	28.4
	46.9
	24.7
	Bulk composition

	
	mol. %
	6.0
	37.1
	25.1
	31.8
	8.8
	54.4
	36.8
	

	P1
	mass %
	80.6
	-
	13.4
	6.0
	83.0
	-
	17.0
	CaUO3

	
	mol. %
	32.3
	-
	31.9
	35.9
	50.3
	-
	49.7
	

	P2
	mass %
	-
	85.7
	1.2
	13.1
	-
	98.5
	1.5
	FeO(CaO)

	
	mol. %
	-
	64.5
	1.3
	34.3
	-
	98.1
	1.9
	

	P3
	mass %
	-
	48.3
	34.9
	16.8
	-
	56.0
	44.0
	Ca2Fe2O5

	
	mol. %
	-
	31.1
	31.3
	37.7
	-
	49.9
	50.1
	



[image: image71]
Fig. 5.30 -Micrograph of regions 10-11. PRS15

[image: image72]
Fig. 5.31 -Micrograph of region 12. PRS15

Table 5.25 gives the averaged EDX data of PRS15 samples 1-3.

Table 5.25 - Averaged EDX data of  PRS15 samples 1-3 

	Contents
	UO2
	FeO
	CaO

	Average value
	mass %
	30.6±2.2
	45.7±2.9
	23.6±0.9

	
	mol.%
	9.7±0.8
	54.3±2.6
	36.0±1.8


Like in PRS14 the comparison of data provided by the XRF and EDX analyses for melt samples has shown their good convergence. 

Table 5.26 shows the results of EDX analysis of the eutectic region of corium ingot in  experiment PRS15.

Table 5.26 – Averaged EDX data for PRS15 eutectically crystallized zones 

	Eutectics
	UO2
	FeO
	СаO

	ternary 
(ingot for 9 fields)
	mass %
	11.3±2.0
	59.6±2.7
	29.1±1.3

	
	mol.%
	3.0±0.6
	59.6±2.2
	37.3±1.8

	binary 
(samples for 2 fields)
	mass %
	-
	76.7±0.4
	23.4±0.4

	
	mol.%
	-
	71.9±0.4
	28.1±0.4


Like in PRS14 identical chemical compounds were found in the eutectic zone, but the primary crystallization in this experiment was  the CaUO3-based phase.
5.3. PRS18

Figs. 5.32 – 5.35 and tables 5.27 – 5.30 give the SEM/EDX data for the PRS18 samples.

The PRS18 ingot was not analyzed, only melt samples. In this case the primary crystallization phase are dendrites based on the UO2(CaO) solid solution (e.g. Fig. 5.32, points P1, P2). Eutectic type phases are crystallized in the inter-dendrite space; they are composed by phases based on UO2(CaO) and FeO(CaO). There is also the phase based on Ca2Fe2O5.

[image: image73.png]



Fig. 5.32 -Micrograph of sample 1. PRS18
Table 5.27 -EDX data on sample 1

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	20.4
	54.3
	6.9
	18.4
	22.6
	68.0
	9.4
	-

	
	mol. %
	3.6
	40.9
	7.3
	48.3
	7.0
	79.0
	14.0
	

	SQ2
	mass %
	20.0
	53.7
	7.3
	19.1
	22.2
	67.8
	10.0
	

	
	mol. %
	3.5
	39.8
	7.5
	49.3
	6.8
	78.4
	14.8
	

	SQ3
	mass %
	24.2
	52.5
	7.6
	15.8
	26.0
	63.9
	10.0
	

	
	mol. %
	4.6
	42.4
	8.5
	44.5
	8.3
	76.4
	15.3
	

	SQ4
	mass %
	19.7
	55.5
	7.1
	17.7
	21.6
	68.9
	9.5
	

	
	mol. %
	3.5
	42.1
	7.5
	47.0
	6.6
	79.3
	14.1
	

	SQ5
	mass %
	17.6
	56.5
	6.5
	19.5
	19.6
	71.5
	8.9
	

	
	mol. %
	3.0
	41.1
	6.6
	49.4
	5.9
	81.1
	13.0
	

	SQ6
	mass %
	17.9
	56.9
	7.3
	17.9
	19.5
	70.6
	9.9
	

	
	mol. %
	3.1
	42.5
	7.6
	46.7
	5.9
	79.8
	14.4
	

	SQ7
	mass %
	15.9
	59.0
	6.4
	18.7
	17.5
	73.8
	8.7
	Regions without the crystals of primary crystallization phase

	
	mol. %
	2.7
	43.1
	6.5
	47.7
	5.2
	82.4
	12.4
	

	SQ8
	mass %
	10.5
	65.1
	6.5
	17.9
	11.4
	80.0
	8.7
	

	
	mol. %
	1.8
	46.8
	6.5
	45.0
	3.2
	85.0
	11.8
	

	P1
	mass %
	86.4
	1.3
	5.2
	7.1
	91.6
	1.6
	6.8
	UO2(CaO)

	
	mol. %
	37.8
	2.5
	13.5
	46.3
	70.3
	4.6
	25.1
	

	P2
	mass %
	87.0
	1.5
	5.3
	6.2
	91.3
	1.8
	6.8
	

	
	mol. %
	40.1
	3.0
	14.5
	42.4
	69.7
	5.2
	25.1
	

	P3
	mass %
	-
	74.2
	6.4
	19.4
	-
	91.4
	8.6
	FeO(CaO)

	
	mol. %
	-
	49.2
	5.9
	44.9
	-
	89.3
	10.7
	

	P4
	mass %
	24.3
	55.2
	7.7
	12.8
	25.2
	64.9
	9.9
	Binary eutectic

	
	mol. %
	4.9
	47.4
	9.2
	38.5
	8.0
	77.0
	15.0
	

	P5
	mass %
	2.3
	37.4
	33.5
	26.7
	2.7
	49.3
	48.0
	Ca2Fe2O5

	
	mol. %
	0.3
	21.0
	26.2
	52.4
	0.6
	44.2
	55.1
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Fig. 5.33 -Micrograph of sample 2. PRS18
Table 5.28 -EDX data on sample 2
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	23.8
	52.2
	7.3
	16.7
	25.9
	64.3
	9.8
	Bulk composition

	
	mol. %
	4.4
	41.3
	8.1
	46.2
	8.2
	76.8
	15.0
	

	SQ2
	mass %
	21.7
	55.1
	7.3
	15.9
	23.3
	67.0
	9.6
	

	
	mol. %
	4.1
	43.8
	8.1
	44.1
	7.3
	78.3
	14.4
	

	SQ3
	mass %
	23.4
	51.1
	7.2
	18.3
	25.9
	64.2
	9.9
	

	
	mol. %
	4.2
	39.1
	7.7
	48.9
	8.2
	76.7
	15.1
	

	SQ4
	mass %
	21.2
	53.8
	6.7
	18.2
	23.4
	67.4
	9.2
	

	
	mol. %
	3.8
	40.8
	7.1
	48.3
	7.3
	78.9
	13.8
	

	SQ5
	mass %
	25.4
	52.6
	7.0
	15.0
	27.1
	63.7
	9.3
	

	
	mol. %
	4.9
	43.5
	8.1
	43.4
	8.7
	76.9
	14.3
	

	SQ6
	mass %
	20.7
	53.6
	6.7
	19.0
	23.1
	67.7
	9.2
	

	
	mol. %
	3.6
	39.9
	6.9
	49.5
	7.2
	79.1
	13.8
	

	SQ7
	mass %
	20.2
	52.1
	7.3
	20.4
	22.9
	66.9
	10.2
	Binary eutectic

	
	mol. %
	3.4
	37.7
	7.4
	51.5
	7.1
	77.7
	15.2
	

	SQ8
	mass %
	-
	75.6
	5.4
	19.0
	-
	92.7
	7.3
	FeO(CaO)

	
	mol. %
	-
	50.6
	5.1
	44.3
	-
	90.9
	9.1
	

	P1
	mass %
	82.7
	3.1
	6.7
	7.4
	87.5
	3.7
	8.7
	UO2(CaO)

	
	mol. %
	33.6
	5.4
	16.1
	44.9
	61.0
	9.8
	29.2
	

	P2
	mass %
	-
	75.7
	5.9
	18.4
	-
	92.2
	7.8
	FeO(CaO)

	
	mol. %
	-
	51.2
	5.6
	43.3
	-
	90.2
	9.8
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Fig. 5.34 -Micrograph of sample 3. PRS18
Table 5.29 -EDX data on sample 3
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	21.5
	54.9
	6.7
	17.0
	23.3
	67.7
	9.0
	Bulk composition

	
	mol. %
	3.9
	42.7
	7.3
	46.1
	7.3
	79.3
	13.5
	

	SQ2
	mass %
	22.7
	51.9
	6.7
	18.7
	25.3
	65.5
	9.2
	

	
	mol. %
	4.0
	39.3
	7.1
	49.5
	8.0
	78.0
	14.0
	

	SQ3
	mass %
	25.0
	49.9
	6.7
	18.4
	27.8
	63.0
	9.2
	

	
	mol. %
	4.5
	38.6
	7.2
	49.7
	9.0
	76.7
	14.3
	

	SQ4
	mass %
	17.7
	55.9
	7.2
	19.3
	19.6
	70.5
	9.8
	

	
	mol. %
	3.0
	40.7
	7.3
	49.0
	5.9
	79.8
	14.3
	

	SQ5
	mass %
	21.9
	50.9
	6.6
	20.6
	24.9
	65.8
	9.3
	

	
	mol. %
	3.7
	37.1
	6.7
	52.5
	7.9
	78.0
	14.2
	

	P1
	mass %
	85.2
	1.3
	5.3
	8.1
	91.4
	1.6
	7.0
	UO2(CaO)

	
	mol. %
	35.0
	2.4
	12.9
	49.7
	69.6
	4.7
	25.7
	

	P2
	mass %
	40.8
	34.7
	7.9
	16.6
	45.5
	43.7
	10.8
	Mixture of phases

	
	mol. %
	8.5
	30.6
	9.7
	51.3
	17.4
	62.8
	19.9
	

	P3
	mass %
	-
	74.5
	5.1
	20.4
	-
	93.0
	7.0
	FeO(CaO)

	
	mol. %
	-
	48.7
	4.7
	46.6
	-
	91.2
	8.8
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Fig. 5.35 -Micrograph of sample 4. PRS18
Table 5.30 -EDX data on sample 4
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	19.5
	54.8
	7.3
	18.4
	21.5
	68.5
	10.0
	Bulk composition

	
	mol. %
	3.4
	41.0
	7.6
	48.0
	6.6
	78.8
	14.7
	

	SQ2
	mass %
	20.1
	54.9
	7.7
	17.4
	21.9
	67.8
	10.3
	

	
	mol. %
	3.6
	41.8
	8.1
	46.4
	6.7
	78.1
	15.2
	

	SQ3
	mass %
	19.2
	55.1
	7.2
	18.5
	21.2
	69.0
	9.8
	

	
	mol. %
	3.4
	41.0
	7.5
	48.1
	6.5
	79.1
	14.4
	

	SQ4
	mass %
	20.4
	55.1
	7.4
	17.1
	22.1
	67.9
	9.9
	

	
	mol. %
	3.7
	42.4
	7.9
	46.0
	6.8
	78.5
	14.7
	

	SQ5
	mass %
	19.5
	55.1
	7.1
	18.3
	21.5
	68.9
	9.6
	

	
	mol. %
	3.4
	41.3
	7.4
	47.9
	6.6
	79.2
	14.2
	

	SQ6
	mass %
	17.8
	55.4
	7.4
	19.4
	19.8
	70.0
	10.2
	Eutectic zones

	
	mol. %
	3.0
	40.3
	7.5
	49.2
	6.0
	79.3
	14.8
	

	SQ7
	mass %
	23.0
	50.7
	7.4
	19.0
	25.6
	64.2
	10.1
	

	
	mol. %
	4.1
	38.2
	7.7
	50.0
	8.1
	76.4
	15.5
	

	SQ8
	mass %
	7.7
	65.8
	6.4
	20.1
	8.5
	82.7
	8.8
	

	
	mol. %
	1.2
	44.8
	6.1
	47.8
	2.4
	86.0
	11.7
	

	P1
	mass %
	80.3
	2.1
	9.0
	8.6
	85.6
	2.5
	11.9
	Mixture of phases.

Based phase - UO2(CaO)

	
	mol. %
	29.6
	3.3
	19.8
	47.2
	56.2
	6.3
	37.5
	

	P2
	mass %
	84.7
	1.7
	6.4
	7.3
	89.6
	2.0
	8.4
	

	
	mol. %
	35.6
	3.0
	16.0
	45.4
	65.2
	5.5
	29.3
	

	P3
	mass %
	-
	75.8
	5.5
	18.7
	-
	92.7
	7.3
	FeO(CaO)

	
	mol. %
	-
	51.0
	5.2
	43.9
	-
	90.8
	9.2
	

	P4
	mass %
	-
	56.0
	19.1
	24.9
	-
	72.9
	27.1
	Ca2Fe2O5
with a capture FeO

	
	mol. %
	-
	33.0
	15.7
	51.2
	-
	67.8
	32.2
	

	SQ9
	mass %
	25.1
	51.4
	7.0
	16.5
	27.3
	63.3
	9.4
	 Edge zone (mostly binary eutectics)

	
	mol. %
	4.7
	41.2
	7.8
	46.2
	8.8
	76.7
	14.6
	

	P5
	mass %
	25.9
	50.4
	7.2
	16.5
	28.2
	62.1
	9.7
	Mixture of phases

	
	mol. %
	4.9
	40.6
	8.1
	46.4
	9.1
	75.7
	15.2
	

	P6
	mass %
	45.9
	31.4
	8.9
	13.8
	49.7
	38.5
	11.8
	

	
	mol. %
	10.5
	30.5
	12.0
	46.9
	19.8
	57.6
	22.7
	

	P7
	mass %
	4.6
	68.9
	5.2
	21.3
	5.2
	87.6
	7.2
	

	
	mol. %
	0.7
	45.5
	4.8
	49.0
	1.4
	89.2
	9.4
	

	P8
	mass %
	72.7
	10.9
	8.2
	8.2
	76.4
	12.9
	10.7
	

	
	mol. %
	25.1
	16.0
	16.9
	42.0
	43.3
	27.6
	29.1
	


5.4. PRS20

Figs 5.36 – 5.38 and tables 5.31 – 5.33 give the data for SEM/EDX analysis of PRS20 samples.

In PRS20, like in PRS18, the ingot was not analyzed, only melt samples. Here the phase of primary crystallization is the phased based on the CaUO4-x compound (e.g., Fig. 5.36, points P1, P2) or the solid solution based on UO2(CaO) (e.g., Fig. 5.37, points P1). It should be noted that these phases are not contrasting; based on the experience with the UO2-CaO system we can see that they are different only in morphology, and this is very difficult to notice in the fine-dendrite structure of samples. Using the SEM/EDX and XRF data we can assume that these phases crystallize together. In the inter-crystal space between these phase the Ca2Fe2O5 and FeO(CaO)- based phases are found. We can also see there the metallic iron, which is added to the melt as a stoichiometric getter (see e.g. Fig. 5.36, point P7).


[image: image77]
Fig. 5.36 -Micrograph of sample 1. PRS20
Table 5.31 -EDX data on sample 1
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	51.0
	28.1
	10.0
	11.0
	53.6
	33.5
	12.9
	Bulk composition

	
	mol. %
	13.0
	30.4
	15.0
	41.5
	22.2
	52.1
	25.7
	

	SQ2
	mass %
	53.4
	25.2
	10.5
	10.9
	56.3
	30.1
	13.7
	

	
	mol. %
	13.8
	27.8
	16.2
	42.1
	23.9
	48.1
	28.0
	

	SQ3
	mass %
	53.3
	25.0
	10.2
	11.5
	56.5
	30.1
	13.4
	

	
	mol. %
	13.6
	27.2
	15.5
	43.7
	24.1
	48.3
	27.6
	

	SQ4
	mass %
	49.1
	28.8
	10.4
	11.6
	51.9
	34.5
	13.6
	

	
	mol. %
	12.1
	30.1
	15.3
	42.5
	21.0
	52.5
	26.5
	

	SQ5
	mass %
	55.5
	23.9
	10.5
	10.1
	58.1
	28.4
	13.5
	

	
	mol. %
	15.0
	27.6
	16.8
	40.6
	25.2
	46.4
	28.3
	

	P1
	mass %
	81.2
	0.9
	10.6
	7.2
	85.1
	1.1
	13.8
	CaUO4-x

	
	mol. %
	31.7
	1.6
	24.7
	42.0
	54.7
	2.7
	42.6
	

	P2
	mass %
	81.3
	1.1
	10.6
	7.1
	85.0
	1.3
	13.7
	

	
	mol. %
	32.0
	1.8
	24.8
	41.3
	54.6
	3.1
	42.4
	

	P3
	mass %
	1.1
	71.8
	9.2
	17.9
	1.2
	86.7
	12.1
	FeO(CaO)

	
	mol. %
	0.2
	48.8
	8.7
	42.3
	0.3
	84.5
	15.2
	

	P4
	mass %
	1.3
	72.1
	7.6
	19.1
	1.4
	88.5
	10.1
	

	
	mol. %
	0.2
	48.2
	7.0
	44.5
	0.4
	86.9
	12.7
	

	P5
	mass %
	-
	79.9
	9.8
	10.4
	-
	88.3
	11.7
	

	
	mol. %
	-
	61.6
	10.5
	27.9
	-
	85.5
	14.5
	

	P6
	mass %
	14.8
	39.2
	26.8
	19.3
	16.0
	48.2
	35.8
	Ca2Fe2O5

	
	mol. %
	2.4
	26.6
	25.3
	45.7
	4.3
	49.0
	46.6
	

	P7
	mass %
	-
	99.6
	-
	0.4
	-
	-
	-
	Fe

	
	mol. %
	-
	98.7
	-
	1.3
	-
	-
	-
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Fig. 5.37 -Micrograph of sample 2. PRS20
Table 5.32 -EDX data on sample 2
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	53.8
	25.3
	9.8
	11.1
	56.8
	30.3
	12.8
	Bulk composition

	
	mol. %
	14.0
	28.0
	15.2
	42.8
	24.4
	49.0
	26.5
	

	SQ2
	mass %
	60.1
	20.4
	9.9
	9.6
	63.0
	24.2
	12.8
	

	
	mol. %
	17.3
	24.9
	16.9
	40.9
	29.2
	42.2
	28.6
	

	SQ3
	mass %
	53.6
	25.3
	10.5
	10.7
	56.3
	30.1
	13.6
	

	
	mol. %
	14.0
	28.2
	16.3
	41.5
	24.0
	48.1
	27.9
	

	SQ4
	mass %
	55.3
	22.9
	10.4
	11.3
	58.7
	27.6
	13.6
	

	
	mol. %
	14.4
	25.5
	16.1
	44.0
	25.7
	45.5
	28.8
	

	SQ5
	mass %
	53.1
	24.7
	10.2
	11.9
	56.7
	29.9
	13.4
	

	
	mol. %
	13.4
	26.6
	15.3
	44.8
	24.2
	48.1
	27.7
	

	P1
	mass %
	85.8
	1.0
	6.2
	7.1
	90.8
	1.2
	8.0
	UO2(CaO)

	
	mol. %
	37.0
	1.8
	15.8
	45.4
	67.8
	3.3
	28.9
	

	P2
	mass %
	1.2
	71.5
	7.8
	19.5
	1.3
	88.3
	10.4
	FeO(CaO)

	
	mol. %
	0.2
	47.4
	7.2
	45.2
	0.3
	86.6
	13.1
	

	P3
	mass %
	2.1
	66.8
	10.9
	20.2
	2.3
	82.9
	14.8
	

	
	mol. %
	0.3
	43.7
	10.0
	46.0
	0.6
	80.9
	18.5
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Fig. 5.38 -Micrograph of sample 3. PRS20
Table 5.33 -EDX data on sample 3
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	54.9
	24.5
	9.8
	10.8
	57.9
	29.3
	12.8
	Bulk composition

	
	mol. %
	14.5
	27.7
	15.4
	42.4
	25.2
	48.0
	26.8
	

	SQ2
	mass %
	58.3
	20.7
	9.4
	11.5
	62.5
	25.2
	12.4
	

	
	mol. %
	15.6
	23.6
	14.9
	45.9
	28.8
	43.6
	27.5
	

	SQ3
	mass %
	50.2
	26.9
	9.7
	13.2
	54.2
	32.9
	12.9
	

	
	mol. %
	12.0
	27.4
	13.8
	46.9
	22.6
	51.5
	25.9
	

	SQ4
	mass %
	51.2
	27.0
	9.8
	12.0
	54.5
	32.7
	12.8
	

	
	mol. %
	12.7
	28.6
	14.4
	44.2
	22.8
	51.3
	25.9
	

	SQ5
	mass %
	48.9
	25.3
	10.3
	15.5
	54.2
	31.8
	14.0
	

	
	mol. %
	10.9
	24.0
	13.6
	51.5
	22.5
	49.5
	28.0
	

	P1
	mass %
	83.7
	1.1
	8.2
	7.0
	88.1
	1.3
	10.7
	UO2(CaO)

	
	mol. %
	34.7
	1.9
	20.2
	43.1
	61.1
	3.3
	35.6
	

	P2
	mass %
	87.1
	1.0
	5.8
	6.1
	91.3
	1.2
	7.5
	

	
	mol. %
	40.1
	1.9
	15.9
	42.1
	69.3
	3.3
	27.4
	

	P3
	mass %
	-
	75.2
	7.6
	17.2
	-
	90.1
	9.9
	FeO(CaO)

	
	mol. %
	-
	51.6
	7.3
	41.1
	-
	87.6
	12.4
	

	P4
	mass %
	-
	71.4
	8.2
	20.3
	-
	88.8
	11.2
	

	
	mol. %
	-
	46.4
	7.5
	46.1
	-
	86.1
	13.9
	

	P5
	mass %
	-
	83.9
	9.9
	6.2
	-
	88.6
	11.4
	

	
	mol. %
	-
	70.4
	11.5
	18.1
	-
	85.9
	14.1
	

	P6
	mass %
	16.5
	61.9
	12.9
	8.7
	16.1
	68.4
	15.5
	Ca2Fe2O5
with a capture FeO

	
	mol. %
	3.4
	54.3
	15.8
	26.6
	4.6
	73.9
	21.5
	


5.5. Tests GPRS
The annealing in the Galakhov microfurnace was performed in order to determine more accurately the ternary eutectic composition. After removal from the Galakhov microfurnace the crucibles with melt samples were axially cut into two parts; the halves were used to prepare  polished sections for the SEM/EDX analysis.

Fig 5.39 gives the total view of specimens in the molybdenum crucibles.
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Fig. 5.39 – Polished sections of GPRS66-75 specimens

Fig. 5.40 and Table 5.34 give the SEM/EDX data of experiment GPRS66. No eutectic nucleus was found in GPRS66. The ingot microstructure has rounded (on edges and from the surface crystallized as dendrites) grains of the UO2(CaO) solid solution and the matrix phase FeO(CaO). Beside this the molybdenum-bearing oxidic and metallic phases were found, which testifies to the active interaction of the melt containing CaO and crucible material (Мо).

[image: image82.png]



Fig. 5.40 – Microphotographs of the studies ingot parts from GPRS66

Table 5.34 - EDX analysis of the studied GPRS66 zones

	#
	U
	Fe
	Ca
	Mo
	O
	UO2
	FeO
	CaO
	MoO3
	Phase

	SQ1
	mass %
	40.4
	36.1
	2.0
	8.7
	12.8
	42.4
	43.0
	2.5
	12.1
	-

	
	mol. %
	9.7
	36.9
	2.8
	5.2
	45.5
	17.7
	67.6
	5.1
	9.5
	

	SQ2
	mass %
	-
	75.1
	0.7
	20.3
	4.0
	-
	75.5
	0.7
	23.8
	-

	
	mol. %
	-
	73.9
	0.9
	11.6
	13.6
	-
	85.5
	1.0
	13.4
	

	P1
	mass %
	95.1
	-
	1.0
	-
	4.0
	98.8
	-
	1.2
	-
	UO2(CaO)

	
	mol. %
	59.5
	-
	3.6
	-
	36.9
	94.3
	-
	5.7
	-
	

	P2
	mass %
	-
	41.5
	0.4
	41.4
	16.8
	-
	46.0
	0.5
	53.5
	Fe2MoO4

	
	mol. %
	-
	33.3
	0.4
	19.3
	47.0
	-
	62.8
	0.8
	36.4
	

	P3
	mass %
	-
	86.0
	0.3
	-
	13.7
	-
	99.6
	0.4
	-
	FeO(CaO)

	
	mol. %
	-
	64.1
	0.3
	-
	35.6
	-
	99.5
	0.5
	-
	

	P4
	mass %
	96.1
	-
	0.7
	-
	3.3
	99.1
	-
	0.9
	-
	UO2(CaO)

	
	mol. %
	64.7
	-
	2.7
	-
	32.6
	95.9
	-
	4.1
	-
	

	P5
	mass %
	-
	43.0
	0.3
	40.8
	15.9
	-
	47.3
	0.4
	52.4
	Fe2Mo(O)

	
	mol. %
	-
	35.1
	0.3
	19.4
	45.2
	-
	64.0
	0.6
	35.4
	

	P6
	mass %
	-
	50.0
	-
	46.7
	3.3
	-
	47.9
	-
	52.1
	Ca3Mo2FeO10

	
	mol. %
	-
	56.5
	-
	30.7
	12.8
	-
	64.8
	-
	35.2
	

	P7
	mass %
	-
	87.1
	-
	11.5
	1.4
	-
	86.7
	-
	13.3
	Fe(Mo)

	
	mol. %
	-
	88.3
	-
	6.8
	4.9
	-
	92.9
	-
	7.1
	


Fig. 5.41 and Table 5.35 give the SEM/EDX data of experiment GPRS74.

During the experiment an active interaction with crucible was observed. TheCaUO3- based phase was found, which corresponds to the Ca3Mo2FeO10 compound, and the metallic iron phase. The microstructure testifies to the partially liquid-phase character of interaction. No eutectics of the crystallized regions was found on the studied polished sections. The test results cannot be directly used for the characterization of the  UO2–FeO–CaO in the eutectic region.
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Fig. 5.41 – Microphotographs of the studies ingot parts from GPRS74
Table 5.35 - EDX analysis of the studied GPRS74 zones

	#
	U
	Fe
	Ca
	Mo
	O
	UO2
	FeO
	CaO
	MoO3
	Phase

	SQ1
	mass %
	14.8
	48.0
	12.0
	15.6
	9.6
	14.1
	52.1
	14.1
	19.7
	-

	
	mol. %
	3.1
	43.3
	15.0
	8.2
	30.3
	4.5
	62.2
	21.6
	11.7
	

	SQ2
	mass %
	18.1
	35.9
	13.9
	19.7
	12.3
	17.7
	39.9
	16.8
	25.5
	-

	
	mol. %
	3.7
	31.5
	17.0
	10.1
	37.7
	6.0
	50.6
	27.3
	16.1
	

	P1
	mass %
	79.1
	-
	12.6
	1.6
	6.7
	81.7
	-
	16.1
	2.2
	CaUO3

	
	mol. %
	30.7
	-
	29.2
	1.5
	38.6
	50.0
	-
	47.5
	2.5
	

	P2
	mass %
	-
	88.9
	-
	9.8
	1.3
	-
	-
	-
	-
	Fe(Mo)

	
	mol. %
	-
	89.7
	-
	5.7
	4.6
	-
	-
	-
	-
	

	P3
	mass %
	-
	11.2
	26.9
	36.3
	25.6
	-
	13.6
	35.3
	51.1
	Ca3Mo2FeO10

	
	mol. %
	-
	7.1
	23.5
	13.3
	56.1
	-
	16.1
	53.7
	30.2
	

	P4
	mass %
	-
	10.1
	26.3
	38.6
	25.0
	-
	12.1
	34.1
	53.8
	

	
	mol. %
	-
	6.5
	23.4
	14.4
	55.8
	-
	14.6
	52.9
	32.5
	


Fig. 5.42 and Table 5.36 give the SEM/EDX data of experiment GPRS75.

The polished section demonstrates wide regions with eutectic crystallization character. Three maze-like eutectics were found: two two-phase (locations SQ2 and SQ8) and one three-phase (region SQ3). But, like in previous experiments of the series, an intensive interaction with crucible material takes place and the produced result refers to the four-component system UO2–FeO–CaO–MoO3. 

Three-phase eutectics is composed by phases based on UO2, CaMoO4 and FeO. One of the two-phase eutectics consists of the UO2 and FeO crystals mixture, another – of the mixture of crystals CaMoO4 and FeO. Table 5.37 summarizes the measurement results  of detected eutectic compositions. Beside the considered phases  the crucible edge zones also had the  phases based on Ca3Mo2FeO10, on the metallic melt and intermetallide U-Mp phase.
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Fig. 5.42 – Microphotographs of the studies ingot parts from GPRS75
Table 5.36 - EDX analysis of the studied GPRS75 zones

	#
	U
	Fe
	Ca
	Mo
	O
	UO2
	FeO
	CaO
	MoO3
	Phase

	SQ1
	mass %
	13.8
	50.8
	3.7
	8.1
	23.6
	16.0
	66.4
	5.2
	12.4
	Ternary eutectic

	
	mol. %
	2.2
	34.7
	3.5
	3.2
	56.4
	5.1
	79.5
	8.0
	7.4
	

	SQ2
	mass %
	13.3
	49.5
	3.8
	8.3
	25.1
	15.6
	65.9
	5.5
	12.9
	

	
	mol. %
	2.1
	32.9
	3.6
	3.2
	58.2
	5.0
	78.8
	8.5
	7.7
	

	SQ3
	mass %
	-
	51.0
	6.1
	15.1
	27.9
	-
	67.9
	8.8
	23.4
	Two-phase Eutectics

	
	mol. %
	-
	30.8
	5.1
	5.3
	58.8
	-
	74.8
	12.4
	12.9
	

	SQ4
	mass %
	-
	49.9
	6.1
	15.3
	28.7
	-
	67.0
	9.0
	24.0
	

	
	mol. %
	-
	29.8
	5.1
	5.3
	59.8
	-
	74.1
	12.7
	13.2
	

	P1
	mass %
	93.8
	-
	-
	-
	6.2
	100
	-
	-
	-
	UO2

	
	mol. %
	50.6
	-
	-
	-
	49.4
	100
	-
	-
	-
	

	P2
	mass %
	-
	89.7
	-
	10.3
	-
	-
	-
	-
	-
	Fe(Mo)

	
	mol. %
	-
	93.7
	-
	6.3
	-
	-
	-
	-
	-
	

	P3
	mass %
	-
	89.4
	-
	10.6
	-
	-
	-
	-
	-
	

	
	mol. %
	-
	93.5
	-
	6.5
	-
	-
	-
	-
	-
	

	P4
	mass %
	-
	45.5
	-
	54.5
	-
	-
	-
	-
	-
	Fe3Mo2

	
	mol. %
	-
	59.0
	-
	41.0
	-
	-
	-
	-
	-
	

	P5
	mass %
	-
	2.2
	-
	97.8
	-
	-
	-
	-
	-
	Mo

	
	mol. %
	-
	3.7
	-
	96.3
	-
	-
	-
	-
	-
	

	P6
	mass %
	-
	7.9
	25.3
	41.1
	25.7
	-
	9.5
	32.9
	57.5
	Ca3Mo2FeO10

	
	mol. %
	-
	5.1
	22.5
	15.3
	57.2
	-
	11.8
	52.5
	35.7
	

	SQ5
	mass %
	2.4
	24.1
	3.6
	59.8
	10.2
	2.1
	24.2
	3.9
	69.8
	Interaction zone

	
	mol. %
	0.6
	24.1
	5.0
	34.8
	35.5
	0.9
	37.4
	7.7
	54.0
	

	SQ6
	mass %
	13.3
	51.3
	3.6
	8.3
	23.5
	15.3
	67.0
	5.2
	12.6
	Ternary eutectic

	
	mol. %
	2.1
	35.1
	3.5
	3.3
	56.1
	4.8
	79.8
	7.9
	7.5
	

	P7
	mass %
	61.9
	25.7
	1.9
	0.8
	9.7
	65.6
	30.8
	2.5
	1.1
	UO2

	
	mol. %
	18.8
	33.2
	3.5
	0.6
	44.0
	33.5
	59.2
	6.2
	1.0
	

	P8
	mass %
	1.0
	26.9
	10.9
	21.3
	39.8
	1.4
	41.7
	18.4
	38.5
	CaMoO4

	
	mol. %
	0.1
	13.9
	7.9
	6.4
	71.7
	0.4
	49.2
	27.8
	22.6
	

	P9
	mass %
	-
	82.1
	-
	-
	17.9
	-
	100
	-
	-
	FeO

	
	mol. %
	-
	56.7
	-
	-
	43.3
	-
	100
	-
	-
	

	SQ7
	mass %
	23.8
	57.2
	1.1
	1.7
	16.1
	25.8
	70.2
	1.5
	2.4
	Two-phase Eutectics
с UO2

	
	mol. %
	4.6
	47.0
	1.3
	0.8
	46.3
	8.6
	87.5
	2.4
	1.5
	

	SQ8
	mass %
	26.4
	53.9
	1.4
	1.0
	17.4
	29.1
	67.5
	1.8
	1.5
	

	
	mol. %
	5.0
	43.7
	1.5
	0.5
	49.2
	9.9
	86.1
	3.0
	1.0
	

	SQ9
	mass %
	17.0
	53.4
	2.3
	5.0
	22.2
	19.5
	69.6
	3.3
	7.6
	Capture of the third phase (CaМоO4)

	
	mol. %
	2.8
	37.8
	2.3
	2.1
	55.0
	6.3
	84.0
	5.1
	4.6
	

	SQ10
	mass %
	-
	51.7
	6.4
	15.3
	26.6
	-
	67.5
	9.1
	23.3
	Two-phase Eutectics

	
	mol. %
	-
	31.8
	5.5
	5.5
	57.2
	-
	74.3
	12.9
	12.8
	

	P10
	mass %
	-
	81.4
	-
	-
	18.6
	-
	100
	-
	-
	FeO

	
	mol. %
	-
	55.6
	-
	-
	44.4
	-
	100
	-
	-
	

	P11
	mass %
	-
	2.0
	21.8
	49.5
	26.7
	-
	2.3
	28.4
	69.3
	CaMoO4

	
	mol. %
	-
	1.3
	19.6
	18.7
	60.4
	-
	3.2
	49.6
	47.2
	

	P12
	mass %
	-
	1.9
	22.3
	49.6
	26.2
	-
	2.2
	28.9
	68.9
	

	
	mol. %
	-
	1.2
	20.2
	18.8
	59.7
	-
	3.0
	50.2
	46.7
	

	P13
	mass %
	95.5
	-
	-
	-
	4.5
	100
	-
	-
	-
	UO2

	
	mol. %
	58.7
	-
	-
	-
	41.3
	100
	-
	-
	-
	

	P14
	mass %
	-
	90.0
	-
	8.9
	1.1
	-
	-
	-
	-
	Fe(Mo)

	
	mol. %
	-
	91.0
	-
	5.3
	3.7
	-
	-
	-
	-
	

	P15
	mass %
	-
	82.9
	0.4
	0.6
	16.1
	-
	98.6
	0.5
	0.9
	FeO

	
	mol. %
	-
	59.3
	0.4
	0.3
	40.1
	-
	98.9
	0.6
	0.4
	

	SQ11
	mass %
	9.9
	46.8
	4.5
	10.5
	28.4
	12.0
	64.4
	6.7
	16.8
	Ternary eutectic

	
	mol. %
	1.4
	29.1
	3.9
	3.8
	61.7
	3.8
	76.1
	10.2
	9.9
	

	SQ12
	mass %
	18.2
	49.2
	3.4
	6.9
	22.3
	20.9
	63.9
	4.7
	10.4
	

	
	mol. %
	3.1
	35.2
	3.3
	2.9
	55.6
	6.9
	79.2
	7.5
	6.5
	

	SQ13
	mass %
	1.7
	45.5
	6.7
	15.2
	30.9
	2.1
	63.1
	10.1
	24.6
	Two-phase Eutectics

	
	mol. %
	0.2
	26.5
	5.4
	5.1
	62.7
	0.6
	71.0
	14.6
	13.8
	

	SQ14
	mass %
	12.6
	48.1
	4.3
	9.3
	25.7
	14.9
	64.4
	6.2
	14.6
	Ternary eutectic

	
	mol. %
	1.9
	31.7
	3.9
	3.6
	58.9
	4.7
	77.1
	9.5
	8.7
	

	SQ15
	mass %
	11.8
	49.9
	3.8
	10.0
	24.4
	13.7
	65.5
	5.4
	15.4
	

	
	mol. %
	1.9
	33.5
	3.5
	3.9
	57.2
	4.4
	78.2
	8.3
	9.2
	

	SQ16
	mass %
	-
	56.8
	5.0
	12.4
	25.8
	-
	74.1
	7.1
	18.8
	Two-phase Eutectics

	
	mol. %
	-
	35.2
	4.3
	4.5
	56.0
	-
	80.0
	9.8
	10.2
	

	SQ17
	mass %
	-
	53.5
	5.4
	13.0
	28.0
	-
	71.7
	7.9
	20.3
	

	
	mol. %
	-
	32.2
	4.6
	4.6
	58.7
	-
	77.9
	11.0
	11.0
	

	SQ18
	mass %
	14.9
	46.8
	3.9
	8.9
	25.6
	17.7
	62.8
	5.7
	13.9
	Ternary eutectic

	
	mol. %
	2.3
	31.1
	3.6
	3.4
	59.5
	5.7
	76.8
	9.0
	8.5
	


Composition of all found eutectics is shown in Table 5.37.

Table 5.37 –EDX analysis of eutectic compositions found in GPRS75 
	Eutectics
	UO2
	FeO
	CaO
	MoO3

	three-phase
	mass. %
	15.5(1.3
	65.3(1.5
	5.5(0.4
	13.6(1.2

	
	mol.%
	5.0(0.4
	78.4(1.2
	8.5(0.6
	8.2(0.7

	two-phase с UO2
	mass. %
	27.4(2.3
	68.8(1.9
	1.6(0.2
	2.0(0.6

	
	mol.%
	9.3(0.9
	86.8(1.0
	2.7(0.4
	1.3(0.4

	two-phase 
	mass. %
	-
	69.1(3.8
	8.6(1.2
	22.2(2.6

	
	mol. %
	-
	75.7(3.3
	12.2(1.9
	12.2(1.5


In the detected eutectic structures a large amount of Mo was identified as the CaMoO4 compound, which was formed due to the interaction between corium and crucible material. Due to the melt pollution with crucible materials the experimental results for the UO2–FeO–СаO system can be used only partially. The experimental results can also be used for the evaluation of eutectic composition of a higher order (in the U–Fe–Ca–Mo–O system).

5.6. PRS24

The method of SEM/EDX analysis was used to analyze melt samples #1 and #2. The sample microstructure has the fine-dendrite character with dendrite size about 1 -5 µm. Because of this it was not possible to analyze the composition of coexisting phases by  EDX, only the total composition was evaluated. Figs. 5.43–5.44 and tables 5.38–5.39 give the results of SEM/EDX analysis of  PRS24 samples.
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Fig. 5.43 -Micrograph of sample 1. PRS24
Table 5.38 -EDX data on sample 1

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	40.2
	36.0
	2.3
	21.5
	48.0
	48.7
	3.3
	Bulk composition

	
	mol. %
	7.6
	29.2
	2.5
	60.6
	19.4
	74.1
	6.5
	

	SQ2
	mass %
	42.0
	34.9
	2.2
	20.9
	49.9
	46.9
	3.2
	

	
	mol. %
	8.2
	28.8
	2.5
	60.5
	20.6
	73.0
	6.4
	

	SQ3
	mass %
	44.6
	33.1
	2.1
	20.1
	52.6
	44.3
	3.0
	

	
	mol. %
	9.0
	28.4
	2.5
	60.1
	22.5
	71.2
	6.3
	

	SQ4
	mass %
	42.0
	36.2
	2.1
	19.8
	49.0
	47.9
	3.0
	

	
	mol. %
	8.3
	30.6
	2.5
	58.6
	20.1
	73.9
	5.9
	

	SQ5
	mass %
	40.5
	35.7
	2.5
	21.4
	48.2
	48.2
	3.6
	

	
	mol. %
	7.7
	29.0
	2.8
	60.5
	19.5
	73.4
	7.1
	

	SQ6
	mass %
	39.7
	35.9
	2.5
	21.9
	47.5
	48.8
	3.7
	

	
	mol. %
	7.4
	28.7
	2.8
	61.1
	19.1
	73.7
	7.1
	

	SQ7
	mass %
	39.9
	37.3
	2.3
	20.5
	46.9
	49.8
	3.3
	

	
	mol. %
	7.7
	30.7
	2.6
	59.0
	18.8
	74.9
	6.3
	

	SQ8
	mass %
	45.3
	32.3
	2.5
	19.9
	53.4
	43.1
	3.6
	

	
	mol. %
	9.2
	27.8
	3.0
	60.0
	23.0
	69.6
	7.4
	



[image: image88]
Fig. 5.44 -Micrograph of sample 2. PRS24
Table 5.39 -EDX data on sample 2
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	42.1
	34.4
	2.3
	21.3
	50.2
	46.5
	3.3
	Bulk composition

	
	mol. %
	8.1
	28.2
	2.6
	61.1
	20.8
	72.5
	6.6
	

	SQ2
	mass %
	38.1
	39.1
	2.1
	20.7
	44.8
	52.1
	3.1
	

	
	mol. %
	7.2
	31.7
	2.4
	58.7
	17.5
	76.7
	5.8
	

	SQ3
	mass %
	42.9
	33.7
	2.5
	20.9
	51.0
	45.4
	3.6
	

	
	mol. %
	8.4
	28.0
	2.9
	60.7
	21.3
	71.4
	7.3
	

	SQ4
	mass %
	42.2
	35.1
	2.1
	20.6
	49.9
	47.0
	3.1
	

	
	mol. %
	8.3
	29.3
	2.5
	60.0
	20.6
	73.2
	6.2
	

	SQ5
	mass %
	43.8
	33.2
	2.5
	20.4
	51.8
	44.5
	3.7
	

	
	mol. %
	8.7
	28.1
	3.0
	60.3
	21.9
	70.6
	7.5
	

	SQ6
	mass %
	42.2
	34.6
	2.0
	21.1
	50.3
	46.8
	2.9
	

	
	mol. %
	8.2
	28.6
	2.3
	60.9
	20.9
	73.2
	5.9
	

	SQ7
	mass %
	40.5
	35.9
	2.1
	21.5
	48.3
	48.6
	3.1
	

	
	mol. %
	7.7
	29.1
	2.4
	60.8
	19.7
	74.3
	6.1
	

	SQ8
	mass %
	42.3
	35.0
	2.3
	20.4
	49.9
	46.8
	3.4
	

	
	mol. %
	8.3
	29.4
	2.7
	59.6
	20.6
	72.7
	6.7
	

	SQ9
	mass %
	42.5
	34.4
	2.2
	20.9
	50.4
	46.3
	3.2
	

	
	mol. %
	8.3
	28.6
	2.6
	60.6
	21.0
	72.5
	6.5
	

	SQ10
	mass %
	42.1
	34.9
	2.2
	20.8
	49.9
	46.9
	3.2
	

	
	mol. %
	8.2
	29.0
	2.5
	60.3
	20.7
	72.9
	6.4
	

	SQ11
	mass %
	42.6
	34.5
	1.9
	21.0
	50.7
	46.5
	2.9
	

	
	mol. %
	8.3
	28.6
	2.3
	60.9
	21.2
	73.1
	5.8
	


Fig. 5.45 shows the polished section of the PRS24 ingot, and figs. 5.46–5.54 and tables 5.40–5.46 show the results of their SEM/EDX analyses.

The analyzed microstructure of the ingot fragment showed the prevailing crystallization of the UO2(FeO,CaO) solid solution, its composition mol. % (mass %): 84.9±0.8 UO2, 7.9±0.8 FeO, 7.3±1.0 CaO (96.0±0.2 UO2, 2.4±0.1 FeO, 1.7±0.3 CaO). In the periphery ingot regions the crystallization of the UO2(CaO) solid solution, its composition, mol. % (mass %): 89.6±1.7 UO2, 10.4±1.7 CaO (97.6±0.5 UO2, 2.4±0.5 CaO) and the FeO(CaO)-based solid solution, mol. % (mass %): 95.8±2.3 FeO, 4.2±2.3 CaO (96.7±1.8 FeO, 3.3±1.8 CaO). Also on the ingot fragment periphery regions were found, which were enriched with iron oxide, their crystallization character resembles the eutectic. Composition of these zones mol. % (mass %): 4.0±1.1 UO2, 93.2±1.2 FeO, 2.8±0.6 CaO (13.5±3.4 UO2, 84.5±3.3 FeO, 2.0±0.4 CaO).
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Fig. 5.45 -A polished sections from PRS24 with regions marked for the SEM/EDX analysis
a) side part, b) lower part
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Fig. 5.46 – Microphotographs of region 1, side part of the  PRS24 ingot 

Table 5.40 –EDX data for region 1, side part of the PRS24 ingot
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	78.4
	6.7
	1.6
	13.3
	89.1
	8.7
	2.2
	-

	
	mol. %
	24.9
	9.1
	3.0
	62.9
	67.2
	24.6
	8.2
	

	SQ2
	mass %
	46.3
	35.6
	1.6
	16.5
	52.2
	45.5
	2.3
	-

	
	mol. %
	10.2
	33.5
	2.2
	54.1
	22.3
	73.0
	4.7
	

	SQ3
	mass %
	73.2
	10.8
	1.6
	14.4
	83.7
	14.0
	2.3
	-

	
	mol. %
	21.4
	13.4
	2.8
	62.4
	56.9
	35.7
	7.4
	

	SQ4
	mass %
	21.6
	54.1
	1.2
	23.0
	25.6
	72.6
	1.8
	Eutectic type structure

	
	mol. %
	3.6
	38.3
	1.2
	56.9
	8.3
	88.8
	2.8
	

	SQ5
	mass %
	14.3
	59.3
	1.0
	25.3
	17.3
	81.2
	1.5
	

	
	mol. %
	2.2
	38.9
	0.9
	57.9
	5.2
	92.5
	2.2
	

	SQ6
	mass %
	12.7
	60.6
	1.7
	24.9
	15.2
	82.3
	2.5
	

	
	mol. %
	1.9
	39.6
	1.6
	56.9
	4.5
	91.8
	3.6
	

	P1
	mass %
	86.9
	-
	1.7
	11.3
	97.6
	-
	2.4
	Solid solutionUO2(CaO)

	
	mol. %
	32.7
	-
	3.9
	63.4
	89.4
	-
	10.6
	

	P2
	mass %
	-
	98.1
	-
	1.9
	-
	100
	-
	Fe

	
	mol. %
	-
	93.5
	-
	6.5
	-
	100
	-
	

	P3
	mass %
	-
	72.5
	1.1
	26.4
	-
	98.4
	1.6
	Solid solutionFeO(CaO)

	
	mol. %
	-
	43.7
	0.9
	55.4
	-
	97.9
	2.1
	



[image: image92]
Fig. 5.47 – Microphotographs of region 2, side part of the  PRS24 ingot 
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Fig. 5.48 – Microphotographs of region 1, side part of the PRS24 ingot 

Table 5.41 –EDX data for region 3, side part of the PRS24 ingot
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	58.4
	22.4
	1.8
	17.4
	67.9
	29.5
	2.6
	-

	
	mol. %
	13.8
	22.6
	2.5
	61.1
	35.5
	58.0
	6.5
	

	SQ2
	mass %
	72.5
	11.0
	1.6
	14.8
	83.3
	14.4
	2.3
	-

	
	mol. %
	20.7
	13.4
	2.8
	63.1
	56.1
	36.4
	7.5
	

	SQ3
	mass %
	80.0
	5.7
	1.4
	12.9
	90.7
	7.4
	1.9
	-

	
	mol. %
	26.3
	8.0
	2.7
	63.0
	71.1
	21.7
	7.2
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Fig. 5.49– Microphotographs of region 4, side part of the  PRS24 ingot 

Table 5.42 –EDX data for region 4, side part of the PRS24 ingot
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	74.9
	9.1
	1.8
	14.2
	85.6
	11.8
	2.5
	-

	
	mol. %
	22.3
	11.6
	3.2
	63.0
	60.2
	31.3
	8.5
	

	SQ2
	mass %
	65.8
	16.8
	1.9
	15.5
	75.5
	21.9
	2.6
	-

	
	mol. %
	17.3
	18.9
	2.9
	60.9
	44.3
	48.3
	7.4
	

	P1
	mass %
	85.8
	1.9
	1.4
	10.9
	95.8
	2.3
	1.9
	Solid solution UO2(FeO,CaO)

	
	mol. %
	32.4
	3.0
	3.1
	61.5
	84.3
	7.7
	8.0
	

	P2
	mass %
	-
	70.8
	3.1
	26.1
	-
	95.4
	4.6
	Solid solution FeO(CaO)

	
	mol. %
	-
	42.6
	2.6
	54.8
	-
	94.2
	5.8
	



[image: image95]
Fig. 5.50 – Microphotographs of regions 5 and 6, side part of the PRS24 ingot 

Table 5.43 –EDX data for region 5 and 6, side part of the PRS24 ingot
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	39.0
	46.0
	1.1
	13.9
	42.1
	56.4
	1.5
	-

	
	mol. %
	8.7
	43.7
	1.5
	46.1
	16.1
	81.1
	2.8
	

	SQ2
	mass %
	79.5
	6.0
	1.4
	13.2
	90.3
	7.7
	1.9
	-

	
	mol. %
	25.7
	8.3
	2.6
	63.4
	70.2
	22.6
	7.1
	

	SQ3
	mass %
	83.2
	4.1
	1.2
	11.4
	93.1
	5.3
	1.6
	-

	
	mol. %
	29.9
	6.4
	2.5
	61.2
	77.2
	16.4
	6.5
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Fig. 5.51 – Microphotographs of region 1, bottom part of the  PRS24 ingot 

Table 5.44 –EDX data for region 1, bottom part of the  PRS24 ingot

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	80.5
	5.5
	1.2
	12.8
	91.2
	7.1
	1.7
	-

	
	mol. %
	26.7
	7.8
	2.4
	63.1
	72.4
	21.1
	6.5
	

	SQ2
	mass %
	65.2
	17.0
	1.4
	16.3
	75.6
	22.3
	2.1
	-

	
	mol. %
	16.8
	18.6
	2.2
	62.5
	44.6
	49.5
	5.8
	

	SQ3
	mass %
	44.0
	36.0
	2.3
	17.7
	50.2
	46.6
	3.2
	-

	
	mol. %
	9.3
	32.4
	2.9
	55.5
	20.8
	72.7
	6.4
	

	P1
	mass %
	86.7
	-
	1.9
	11.4
	97.4
	-
	2.6
	Solid solution UO2(CaO)

	
	mol. %
	32.4
	-
	4.3
	63.3
	88.5
	-
	11.5
	

	P2
	mass %
	85.1
	-
	1.9
	13.0
	97.3
	-
	2.7
	

	
	mol. %
	29.4
	-
	3.9
	66.7
	88.3
	-
	11.7
	

	P3
	mass %
	8.1
	88.3
	-
	3.6
	-
	-
	-
	Fe

	
	mol. %
	1.8
	85.8
	-
	12.4
	-
	-
	-
	

	P4
	mass %
	-
	71.9
	0.9
	27.3
	-
	98.7
	1.3
	Solid solution FeO(CaO)

	
	mol. %
	-
	42.7
	0.7
	56.6
	-
	98.3
	1.7
	



[image: image97]
Fig. 5.52 – Microphotographs of region 2, bottom part of the PRS24 ingot 


[image: image98]
Fig. 5.53 – Microphotographs of region 3, bottom part of the PRS24 ingot 

Table 5.45 –EDX data for region 3, bottom part of the  PRS24 ingot
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	82.4
	4.4
	1.2
	12.0
	92.7
	5.6
	1.6
	-

	
	mol. %
	28.7
	6.6
	2.5
	62.3
	76.1
	17.4
	6.5
	

	SQ2
	mass %
	75.2
	9.8
	1.4
	13.6
	85.4
	12.6
	2.0
	-

	
	mol. %
	22.9
	12.7
	2.6
	61.7
	60.0
	33.3
	6.7
	

	SQ3
	mass %
	83.4
	3.8
	1.0
	11.8
	93.8
	4.9
	1.3
	-

	
	mol. %
	29.7
	5.8
	2.0
	62.5
	79.2
	15.4
	5.4
	

	SQ4
	mass %
	8.3
	65.3
	1.3
	25.2
	9.9
	88.3
	1.9
	Zone eutectic crystallization

	
	mol. %
	1.2
	41.6
	1.1
	56.0
	2.8
	94.6
	2.6
	

	SQ5
	mass %
	9.7
	63.4
	1.4
	25.5
	11.6
	86.3
	2.1
	

	
	mol. %
	1.4
	40.5
	1.3
	56.8
	3.3
	93.7
	2.9
	

	P1
	mass %
	88.0
	-
	1.3
	10.7
	98.3
	-
	1.7
	Solid solution UO2(CaO)

	
	mol. %
	34.6
	-
	2.9
	62.5
	92.1
	-
	7.9
	

	P2
	mass %
	25.9
	43.5
	5.3
	25.4
	31.7
	60.4
	8.0
	Mixture of phases

	
	mol. %
	4.2
	29.9
	5.1
	60.9
	10.7
	76.4
	12.9
	

	P3
	mass %
	-
	70.1
	3.7
	26.2
	-
	94.5
	5.5
	Solid solution FeO(CaO)

	
	mol. %
	-
	42.0
	3.1
	54.8
	-
	93.1
	6.9
	



[image: image99]
Fig. 5.54 – Microphotographs of regions 4 and 5, bottom part of the  PRS24 ingot 

Table 5.46 –EDX data for regions 4 and 5, bottom part of the  PRS24 ingot

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	72.0
	11.9
	1.5
	14.5
	82.4
	15.5
	2.1
	-

	
	mol. %
	20.7
	14.6
	2.6
	62.1
	54.6
	38.6
	6.8
	

	SQ2
	mass %
	77.5
	7.7
	1.5
	13.4
	88.0
	9.9
	2.1
	

	
	mol. %
	24.4
	10.3
	2.8
	62.5
	65.1
	27.5
	7.5
	

	SQ3
	mass %
	65.1
	17.3
	1.9
	15.7
	74.8
	22.6
	2.7
	

	
	mol. %
	16.9
	19.2
	2.9
	60.9
	43.4
	49.2
	7.5
	

	SQ4
	mass %
	80.5
	5.5
	1.3
	12.7
	91.2
	7.0
	1.8
	

	
	mol. %
	26.8
	7.8
	2.5
	62.9
	72.2
	21.0
	6.8
	

	SQ5
	mass %
	42.3
	39.2
	1.2
	17.3
	47.9
	50.4
	1.7
	

	
	mol. %
	8.9
	35.3
	1.5
	54.2
	19.5
	77.2
	3.3
	

	SQ6
	mass %
	77.9
	7.3
	1.5
	13.2
	88.5
	9.5
	2.1
	

	
	mol. %
	24.8
	9.9
	2.8
	62.5
	66.0
	26.5
	7.5
	

	SQ7
	mass %
	82.3
	4.3
	1.2
	12.3
	92.9
	5.5
	1.6
	

	
	mol. %
	28.4
	6.3
	2.4
	63.0
	76.7
	17.0
	6.4
	

	SQ8
	mass %
	84.0
	3.4
	0.9
	11.7
	94.4
	4.4
	1.3
	

	
	mol. %
	30.2
	5.3
	2.0
	62.5
	80.7
	14.1
	5.2
	

	P1
	mass %
	86.6
	1.9
	1.1
	10.4
	96.1
	2.4
	1.5
	Solid solution UO2(FeO,CaO)

	
	mol. %
	33.8
	3.2
	2.6
	60.4
	85.4
	8.0
	6.6
	

	P2
	mass %
	60.1
	14.9
	8.5
	16.4
	68.7
	19.3
	12.0
	Mixture of phases

	
	mol. %
	14.4
	15.2
	12.1
	58.3
	34.5
	36.5
	29.0
	

	P3
	mass %
	-
	80.1
	2.8
	17.0
	-
	96.3
	3.7
	Solid solution FeO(CaO)

	
	mol. %
	-
	55.8
	2.8
	41.4
	-
	95.3
	4.7
	


5.7. XRF of PRS20 and PRS24 samples
Fig. 5.55 shows the XRD data for the PRS24 average ingot sample. The analysis of the ingot bottom part  was made using the DRON-2 diffractometer equipped with the automated driving system (OOO “Etalon PTC”) and software complex PDWin 4.0.
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Fig. 5.55 – X-ray diffractograms of the PRS20 melt sample #1 and PRS24 average sample (CoK( radiation)
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Fig. 5.56 – Reference cards UO2, CaUO4 and CaU2O5 

The PRS20 analysis enables a conclusion that its main phase is based on CaUO4. At the same time EDX studies found this compound only in sample #1. In all other samples the EDX data of the primary crystallization phase show the ratio of cations  U:Ca as 2:1. It should be noted that the powder diffractometry database has a compound with a cation ratio close to the considered one. And the reference X-ray diffractogram of this compound is close to the reference CaUO4 (Fig. 5.56), and it is  quite different from the UO2 reference one (both in terms of reflex positions and in their number). It should be noted that in the studies of the  UO2-CaO system in the PRECOS project from the side enriched with UO2 a wide solid solution region was confirmed. A compound corresponding to the CaU2O5 stoichiometry was not found in the binary section. But the presence of wide solubility limits and addition of the third component  can be the factors stabilizing this phase in the ternary system. Additional studies are necessary to clarify this issue. For the further discussion we take an assumption that this phase is a solid solution based on  UO2(CaO). Beside the discussed reflexes the  X-ray diffractogram shows the reflexes of U3O8- and FeO-based phases, but their  amount in the specimen is insignificant. Reflexes of the Ca2Fe2O5 phase found during the SEM/EDX studies are completely covered by the reflexes of the main phase.

The comparison of PRS24 XRD and SEM/EDX data enables to assert that the main phases in the specimen are those based  on the UO2(CaO) solid solution and U3O8-based, which probably correspond to the UO2(CaO)-based solid solution found by SEM/EDX. The X-ray diffractogram also found reflexes of the FeO phase, which probably corresponds to the FeO(CaO) solid solution of the CaUO4-based phase, which was not detected by the  SEM/EDX analysis and the Fe2U-based phase. In the periphery regions of the ingot  SEM/EDX detected an iron-based metallic phase. The intensity of reflexes of the considered three phases is slightly higher than the background one, which testifies to their insignificant content in the specimen.

5.8. PRS25

Melt samples #1, #2, #3 were analyzed by the SEM/EDX analysis. The sample microstructure mostly consists of the dendrite-crystallized phase based on the UO2(CaO) solid solution, in accordance with EDX the CaO content in it ranges from 16.5 to 43.5 mol. %. The FeO-based phase is found in the inert-dendrite space, its amount is insufficient for a quantitative EDX analysis.

Figs. 5.57–5.59 and tables 5.47–5.49 give the SEM/EDX data for the PRS25 samples.


[image: image102]
Fig. 5.57 -Micrograph of sample 1. PRS25
Table 5.47 -EDX data on sample 1

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	76.9
	7.4
	4.3
	11.4
	84.8
	9.3
	5.9
	-

	
	mol. %
	25.4
	10.4
	8.5
	55.7
	57.3
	23.5
	19.2
	

	SQ2
	mass %
	75.3
	9.3
	4.8
	10.7
	82.1
	11.5
	6.4
	

	
	mol. %
	25.0
	13.1
	9.4
	52.5
	52.6
	27.7
	19.7
	

	SQ3
	mass %
	76.1
	7.8
	4.6
	11.5
	84.0
	9.8
	6.2
	

	
	mol. %
	24.8
	10.8
	8.8
	55.5
	55.7
	24.4
	19.9
	

	SQ4
	mass %
	73.9
	9.1
	5.1
	11.9
	81.7
	11.4
	6.9
	

	
	mol. %
	23.1
	12.1
	9.4
	55.4
	51.8
	27.1
	21.1
	

	SQ5
	mass %
	75.8
	8.4
	4.4
	11.4
	83.5
	10.5
	6.0
	

	
	mol. %
	24.7
	11.6
	8.5
	55.2
	55.0
	25.9
	19.1
	

	SQ6
	mass %
	76.5
	7.8
	5.4
	10.3
	83.1
	9.6
	7.3
	

	
	mol. %
	25.9
	11.3
	10.9
	51.9
	53.8
	23.4
	22.7
	

	SQ7
	mass %
	76.0
	7.5
	4.7
	11.8
	84.1
	9.4
	6.5
	

	
	mol. %
	24.4
	10.3
	9.0
	56.3
	55.8
	23.6
	20.6
	

	P1
	mass %
	80.0
	5.7
	4.4
	9.8
	87.0
	7.0
	5.9
	Solid solution UO2(FeO,CaO)

	
	mol. %
	28.9
	8.8
	9.5
	52.9
	61.3
	18.6
	20.1
	

	P2
	mass %
	67.7
	11.9
	5.9
	14.6
	76.6
	15.2
	8.2
	Mixture of phases

	
	mol. %
	18.3
	13.7
	9.4
	58.6
	44.2
	33.0
	22.8
	



[image: image103]
Fig. 5.58 -Micrograph of sample 2. PRS25
Table 5.48 -EDX data on sample 2
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	77.0
	8.1
	4.6
	10.3
	83.8
	10.0
	6.2
	-

	
	mol. %
	26.3
	11.7
	9.4
	52.5
	55.5
	24.7
	19.8
	

	SQ2
	mass %
	78.6
	7.3
	4.8
	9.3
	84.8
	8.9
	6.3
	

	
	mol. %
	28.4
	11.2
	10.2
	50.1
	57.0
	22.5
	20.5
	

	SQ3
	mass %
	79.9
	6.7
	4.5
	9.0
	85.9
	8.2
	5.9
	

	
	mol. %
	29.8
	10.6
	9.9
	49.7
	59.2
	21.1
	19.7
	

	SQ4
	mass %
	79.4
	6.5
	4.6
	9.5
	85.9
	7.9
	6.2
	

	
	mol. %
	28.9
	10.0
	10.0
	51.1
	59.0
	20.5
	20.5
	

	P1
	mass %
	88.8
	-
	3.2
	8.1
	95.8
	-
	4.2
	Solid solution UO2(CaO)

	
	mol. %
	39.0
	-
	8.3
	52.7
	82.5
	-
	17.5
	

	P2
	mass %
	89.3
	-
	3.0
	7.7
	96.1
	-
	3.9
	

	
	mol. %
	40.2
	-
	7.9
	51.9
	83.5
	-
	16.5
	

	P3
	mass %
	84.9
	-
	7.4
	7.7
	90.3
	-
	9.7
	

	
	mol. %
	34.9
	-
	18.0
	47.1
	66.0
	-
	34.0
	

	P4
	mass %
	89.6
	-
	4.4
	6.0
	94.3
	-
	5.7
	

	
	mol. %
	43.6
	-
	12.7
	43.7
	77.4
	-
	22.6
	

	P5
	mass %
	79.4
	-
	10.2
	10.4
	86.3
	-
	13.7
	

	
	mol. %
	27.0
	-
	20.6
	52.4
	56.7
	-
	43.3
	

	P6
	mass %
	40.7
	49.1
	4.7
	5.4
	39.8
	54.5
	5.7
	Mixture of phases

	
	mol. %
	11.3
	58.3
	7.8
	22.5
	14.6
	75.2
	10.1
	



[image: image104]
Fig. 5.59 -Micrograph of sample 3. PRS25
Table 5.49 -EDX data on sample 3
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	76.8
	7.7
	5.2
	10.3
	83.5
	9.5
	7.0
	-

	
	mol. %
	26.2
	11.2
	10.6
	52.1
	54.6
	23.4
	22.0
	

	SQ2
	mass %
	76.3
	8.5
	5.1
	10.2
	82.8
	10.4
	6.8
	

	
	mol. %
	25.9
	12.3
	10.2
	51.6
	53.5
	25.4
	21.1
	

	SQ3
	mass %
	77.0
	8.1
	5.0
	9.9
	83.4
	9.9
	6.7
	

	
	mol. %
	26.7
	11.9
	10.3
	51.2
	54.6
	24.4
	21.0
	

	SQ4
	mass %
	76.9
	8.2
	5.1
	9.8
	83.1
	10.1
	6.8
	

	
	mol. %
	26.7
	12.2
	10.5
	50.6
	54.1
	24.7
	21.3
	

	SQ5
	mass %
	76.8
	8.4
	5.1
	9.7
	82.9
	10.3
	6.9
	

	
	mol. %
	26.7
	12.4
	10.6
	50.2
	53.7
	25.0
	21.4
	

	P1
	mass %
	86.3
	-
	5.3
	8.4
	92.9
	-
	7.1
	Solid solution UO2(CaO)

	
	mol. %
	35.6
	-
	13.1
	51.4
	73.1
	-
	26.9
	

	P2
	mass %
	83.5
	-
	7.0
	9.5
	90.6
	-
	9.4
	

	
	mol. %
	31.3
	-
	15.6
	53.1
	66.7
	-
	33.3
	

	P3
	mass %
	64.8
	19.0
	5.6
	10.6
	69.5
	23.1
	7.4
	Mixture of phases

	
	mol. %
	19.3
	24.1
	9.9
	46.8
	36.2
	45.3
	18.5
	


Fig. 5.60 shows the polished section of PRS25 ingot.
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Fig. 5.60 -A polished section from PRS25 with regions marked for the SEM/EDX analysis
The analysis of the ingot part microstructure shows the  predominant crystallization of the UO2(CaO)-based solid solution with CaO solubility in UO2 of approx. 30 mol. %. Beside this solid solution the ingot was found to contain the CaUO4-x compound and solid solution based on FeO(CaO). The periphery zones also contain metallic iron phases. The content of these   phases in comparison with the phase based on the  UO2(CaO) solid solution is insignificant.

Figs. 5.61–5.70 and tables 5.50–5.59 show the results of SEM/EDX studies of the ingot polished section.


[image: image106]
Fig. 5.61 -Micrograph of region 1. PRS25
Table 5.50 -EDX data on region 1
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO

	SQ1
	mass %
	79.1
	4.4
	4.5
	12.0
	88.2
	5.6
	6.2

	
	mol. %
	26.1
	6.2
	8.9
	58.8
	63.4
	15.1
	21.5

	SQ2
	mass %
	82.2
	2.2
	4.3
	11.3
	91.4
	2.8
	5.9

	
	mol. %
	28.9
	3.3
	8.9
	58.9
	70.2
	8.1
	21.7

	SQ3
	mass %
	81.7
	2.9
	4.2
	11.2
	90.6
	3.6
	5.8

	
	mol. %
	28.6
	4.3
	8.7
	58.3
	68.7
	10.4
	21.0

	SQ4
	mass %
	77.4
	6.2
	4.5
	11.9
	86.0
	7.8
	6.1

	
	mol. %
	25.2
	8.6
	8.7
	57.6
	59.4
	20.2
	20.4

	SQ5
	mass %
	79.0
	4.7
	4.7
	11.5
	87.6
	6.0
	6.5

	
	mol. %
	26.4
	6.8
	9.4
	57.4
	62.1
	15.9
	22.1



[image: image107]
Fig. 5.62 -Micrograph of region 2. PRS25
Table 5.51 -EDX data on region 2
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO

	SQ1
	mass %
	83.0
	2.0
	3.8
	11.2
	92.3
	2.5
	5.2

	
	mol. %
	29.6
	3.0
	8.0
	59.4
	72.9
	7.5
	19.6

	SQ2
	mass %
	82.7
	2.2
	4.2
	10.9
	91.5
	2.7
	5.7

	
	mol. %
	29.6
	3.3
	9.0
	58.1
	70.7
	7.9
	21.4

	SQ3
	mass %
	82.1
	2.9
	3.8
	11.2
	91.1
	3.7
	5.2

	
	mol. %
	29.0
	4.4
	7.9
	58.7
	70.2
	10.7
	19.1



[image: image108]
Fig. 5.63 -Micrograph of region 3. PRS25
Table 5.52 -EDX data on region 3
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO

	SQ1
	mass %
	81.7
	2.3
	4.3
	11.7
	91.2
	2.9
	5.9

	
	mol. %
	28.1
	3.4
	8.8
	59.7
	69.8
	8.4
	21.8

	SQ2
	mass %
	82.8
	2.7
	3.8
	10.7
	91.4
	3.4
	5.2

	
	mol. %
	30.0
	4.2
	8.2
	57.6
	70.7
	9.8
	19.5

	SQ3
	mass %
	74.0
	7.1
	5.8
	13.1
	82.9
	9.1
	8.0

	
	mol. %
	22.2
	9.1
	10.4
	58.4
	53.2
	21.9
	24.9

	SQ4
	mass %
	73.5
	7.7
	5.8
	13.1
	82.3
	9.7
	8.0

	
	mol. %
	22.0
	9.7
	10.2
	58.0
	52.4
	23.2
	24.4

	SQ5
	mass %
	74.7
	7.2
	5.7
	12.5
	83.2
	9.1
	7.8

	
	mol. %
	23.0
	9.4
	10.4
	57.2
	53.8
	22.0
	24.2



[image: image109]
Fig. 5.64 -Micrograph of region 4. PRS25
Table 5.53 -EDX data on region 4
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO

	SQ1
	mass %
	64.2
	15.3
	6.4
	14.1
	71.8
	19.4
	8.8

	
	mol. %
	17.0
	17.2
	10.1
	55.7
	38.4
	38.9
	22.8

	SQ2
	mass %
	73.0
	7.4
	6.3
	13.4
	81.9
	9.4
	8.7

	
	mol. %
	21.4
	9.2
	10.9
	58.4
	51.5
	22.2
	26.3

	SQ3
	mass %
	72.0
	9.1
	5.8
	13.1
	80.5
	11.6
	7.9

	
	mol. %
	21.1
	11.4
	10.1
	57.4
	49.6
	26.8
	23.6



[image: image110]
Fig. 5.65 -Micrograph of region 5. PRS25
Table 5.54 -EDX data on region 5
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	80.8
	3.3
	4.5
	11.4
	89.7
	4.1
	6.2
	-

	
	mol. %
	27.7
	4.8
	9.2
	58.3
	66.4
	11.6
	22.0
	

	SQ2
	mass %
	81.1
	2.8
	3.9
	12.3
	91.1
	3.5
	5.4
	-

	
	mol. %
	27.2
	4.0
	7.7
	61.1
	69.9
	10.2
	19.9
	

	SQ3
	mass %
	80.0
	4.2
	4.5
	11.3
	88.6
	5.2
	6.2
	-

	
	mol. %
	27.4
	6.1
	9.2
	57.4
	64.2
	14.3
	21.6
	

	SQ4
	mass %
	68.2
	10.3
	6.9
	14.7
	77.2
	13.2
	9.6
	-

	
	mol. %
	18.4
	11.8
	11.0
	58.8
	44.7
	28.6
	26.7
	

	SQ5
	mass %
	60.6
	16.8
	7.5
	15.0
	68.1
	21.4
	10.4
	-

	
	mol. %
	15.1
	17.9
	11.2
	55.8
	34.3
	40.4
	25.3
	

	SQ6
	mass %
	67.2
	10.8
	7.3
	14.8
	76.0
	13.9
	10.1
	-

	
	mol. %
	17.8
	12.2
	11.5
	58.5
	43.0
	29.5
	27.6
	

	SQ7
	mass %
	58.1
	19.0
	7.3
	15.6
	65.6
	24.3
	10.2
	-

	
	mol. %
	14.0
	19.5
	10.5
	56.0
	31.9
	44.3
	23.8
	

	SQ8
	mass %
	29.1
	41.8
	8.2
	20.8
	33.6
	54.7
	11.7
	-

	
	mol. %
	5.1
	31.5
	8.6
	54.8
	11.4
	69.6
	19.0
	

	P1
	mass %
	82.6
	-
	6.3
	11.1
	91.5
	-
	8.6
	Solid solution UO2(CaO)

	
	mol. %
	29.0
	-
	13.0
	58.0
	69.0
	-
	31.0
	

	P2
	mass %
	81.5
	-
	7.1
	11.5
	90.3
	-
	9.7
	

	
	mol. %
	27.7
	-
	14.3
	58.0
	66.0
	-
	34.0
	

	P3
	mass %
	61.4
	13.3
	10.5
	14.8
	68.6
	16.9
	14.4
	Mixture of phases

	
	mol. %
	15.3
	14.2
	15.5
	55.0
	34.0
	31.5
	34.5
	

	P4
	mass %
	74.4
	-
	12.2
	13.5
	83.2
	-
	16.8
	Phase CaUO4-x based

	
	mol. %
	21.4
	-
	20.8
	57.7
	50.7
	-
	49.3
	

	P5
	mass %
	-
	98.5
	-
	1.5
	-
	100
	-
	Fe

	
	mol. %
	-
	94.9
	-
	5.1
	-
	100
	-
	

	P6
	mass %
	-
	67.2
	8.7
	24.1
	-
	87.7
	12.3
	Solid solution FeO(CaO)

	
	mol. %
	-
	41.1
	7.4
	51.5
	-
	84.7
	15.3
	



[image: image111]
Fig. 5.66 -Micrograph of region 6. PRS25
Table 5.55 -EDX data on region 6
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	60.6
	16.6
	7.3
	15.4
	68.5
	21.3
	10.2
	-

	
	mol. %
	15.0
	17.5
	10.7
	56.8
	34.7
	40.5
	24.8
	

	SQ2
	mass %
	80.9
	3.7
	4.0
	11.3
	89.8
	4.7
	5.5
	-

	
	mol. %
	28.0
	5.5
	8.3
	58.2
	67.0
	13.2
	19.9
	

	P1
	mass %
	83.1
	-
	5.5
	11.4
	92.4
	-
	7.6
	Solid solution UO2(CaO)

	
	mol. %
	29.1
	-
	11.6
	59.3
	71.6
	-
	28.4
	

	P2
	mass %
	84.3
	-
	5.2
	10.6
	93.0
	-
	7.0
	

	
	mol. %
	31.0
	-
	11.3
	57.8
	73.3
	-
	26.7
	

	P3
	mass %
	84.0
	-
	5.5
	10.6
	92.6
	-
	7.4
	

	
	mol. %
	30.7
	-
	11.8
	57.5
	72.1
	-
	27.9
	

	P4
	mass %
	11.7
	83.3
	2.3
	2.7
	10.7
	86.7
	2.6
	Fe

	
	mol. %
	2.8
	84.5
	3.3
	9.4
	3.1
	93.3
	3.6
	



[image: image112]
Fig. 5.67 -Micrograph of region 7. PRS25
Table 5.56 -EDX data on region 7
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO

	SQ1
	mass %
	81.9
	2.8
	3.7
	11.7
	91.4
	3.5
	5.1

	
	mol. %
	28.3
	4.1
	7.6
	60.0
	70.8
	10.2
	19.0

	SQ2
	mass %
	81.9
	2.7
	3.9
	11.4
	91.2
	3.4
	5.4

	
	mol. %
	28.6
	4.1
	8.2
	59.2
	70.0
	9.9
	20.0

	SQ3
	mass %
	81.9
	3.0
	3.9
	11.2
	90.9
	3.8
	5.3

	
	mol. %
	28.9
	4.6
	8.1
	58.5
	69.6
	11.0
	19.5

	SQ4
	mass %
	81.8
	2.9
	4.1
	11.2
	90.7
	3.7
	5.6

	
	mol. %
	28.7
	4.4
	8.5
	58.4
	69.0
	10.5
	20.5



[image: image113]
Fig. 5.68 -Micrograph of region 8. PRS25
Table 5.57 -EDX data on region 8
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO

	SQ1
	mass %
	45.6
	28.8
	10.1
	15.6
	50.3
	36.0
	13.7

	
	mol. %
	9.9
	26.7
	13.0
	50.4
	20.0
	53.8
	26.3

	SQ2
	mass %
	74.7
	6.9
	6.6
	11.8
	82.4
	8.7
	9.0

	
	mol. %
	23.4
	9.3
	12.3
	55.0
	52.1
	20.6
	27.3

	SQ3
	mass %
	74.5
	6.6
	7.0
	11.9
	82.2
	8.3
	9.5

	
	mol. %
	23.2
	8.8
	13.0
	55.0
	51.6
	19.6
	28.8

	SQ4
	mass %
	76.5
	5.3
	6.5
	11.7
	84.5
	6.7
	8.9

	
	mol. %
	24.6
	7.3
	12.4
	55.7
	55.5
	16.5
	28.0



[image: image114]
Fig. 5.69 -Micrographs of regions 9-10. PRS25
Table 5.58 -EDX data on regions 9-10
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	68.9
	10.6
	6.3
	14.2
	77.6
	13.6
	8.8
	-

	
	mol. %
	19.0
	12.5
	10.3
	58.1
	45.4
	29.9
	24.7
	

	SQ2
	mass %
	70.0
	10.8
	6.3
	12.9
	77.8
	13.6
	8.6
	-

	
	mol. %
	20.3
	13.3
	10.9
	55.5
	45.6
	30.0
	24.4
	

	SQ3
	mass %
	69.4
	10.4
	6.7
	13.4
	77.5
	13.2
	9.3
	-

	
	mol. %
	19.6
	12.5
	11.3
	56.5
	45.2
	28.8
	26.0
	

	SQ4
	mass %
	66.6
	13.4
	5.6
	14.4
	75.0
	17.1
	7.8
	-

	
	mol. %
	17.9
	15.4
	9.0
	57.7
	42.4
	36.4
	21.3
	

	SQ5
	mass %
	65.5
	12.8
	7.8
	14.0
	73.1
	16.2
	10.7
	-

	
	mol. %
	17.5
	14.5
	12.3
	55.7
	39.5
	32.8
	27.8
	

	P1
	mass %
	83.7
	-
	4.9
	11.4
	93.2
	-
	6.8
	Solid solution UO2(CaO)

	
	mol. %
	29.6
	-
	10.4
	60.1
	74.1
	-
	25.9
	

	P2
	mass %
	84.8
	-
	4.5
	10.7
	93.9
	-
	6.1
	

	
	mol. %
	31.3
	-
	9.8
	58.9
	76.1
	-
	23.9
	

	P3
	mass %
	77.9
	-
	10.3
	11.7
	85.9
	-
	14.1
	Phase CaUO4-x based

	
	mol. %
	24.8
	-
	19.6
	55.6
	55.9
	-
	44.1
	

	P4
	mass %
	77.1
	-
	10.7
	12.2
	85.4
	-
	14.6
	

	
	mol. %
	24.0
	-
	19.8
	56.2
	54.8
	-
	45.2
	

	P5
	mass %
	-
	75.0
	1.4
	23.6
	-
	98.0
	2.0
	Solid solution FeO(CaO)

	
	mol. %
	-
	47.0
	1.2
	51.7
	-
	97.4
	2.6
	



[image: image115]
Fig. 5.70 -Micrographs of regions 11-14. PRS25
Table 5.59 -EDX data on region 12

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	80.2
	2.9
	4.5
	12.4
	90.2
	3.6
	6.2
	-

	
	mol. %
	26.4
	4.0
	8.7
	60.8
	67.4
	10.2
	22.3
	

	SQ2
	mass %
	82.1
	2.4
	3.8
	11.7
	91.8
	3.1
	5.2
	-

	
	mol. %
	28.5
	3.6
	7.7
	60.2
	71.6
	9.0
	19.5
	

	SQ3
	mass %
	63.7
	12.9
	9.9
	13.5
	70.4
	16.1
	13.5
	-

	
	mol. %
	16.8
	14.5
	15.5
	53.2
	35.9
	30.9
	33.2
	

	SQ4
	mass %
	40.6
	32.5
	11.5
	15.4
	44.3
	40.2
	15.4
	-

	
	mol. %
	8.5
	29.1
	14.3
	48.1
	16.4
	56.0
	27.6
	

	P1
	mass %
	81.1
	-
	6.5
	12.4
	91.0
	-
	9.0
	Solid solution UO2(CaO)

	
	mol. %
	26.7
	-
	12.7
	60.6
	67.7
	-
	32.3
	

	P2
	mass %
	77.4
	-
	10.4
	12.2
	85.8
	-
	14.2
	Phase CaUO4-x based

	
	mol. %
	24.2
	-
	19.3
	56.5
	55.6
	-
	44.4
	


5.9. PRS26

The SEM/EDX studies of samples #1, #2, #3 were made. The microstructure of samples contains of co-crystallizing dendrite phases based on  CaUO4-x and Ca2UO4. At this it should be noted that CaUO4-x-based phase can be found in the center of Ca2UO4-based dendrite, though the opposite situation is not observed. In this way it can be determined that the crystallization sequence was CaUO4-x-based phase to Ca2UO4-based phase. The inter-dendrite space is filled by the two-phase eutectically crystallized structure based on  CaO and FeO.

Figs. 5.71–5.73and tables 5.60–5.62 give the SEM/EDX data for the PRS26 samples.


[image: image116]
Fig. 5.71 -Micrograph of sample 1. PRS26
Table 5.60-EDX data on sample 1

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	46.1
	21.3
	16.5
	16.0
	50.9
	26.6
	22.5
	Bulk composition

	
	mol. %
	9.7
	19.2
	20.7
	50.3
	19.6
	38.6
	41.8
	

	SQ2
	mass %
	50.3
	16.7
	15.8
	17.3
	56.7
	21.4
	21.9
	Porous zone composition

	
	mol. %
	10.6
	15.1
	19.8
	54.5
	23.4
	33.1
	43.5
	

	SQ3
	mass %
	47.7
	18.8
	14.8
	18.7
	54.7
	24.4
	20.9
	

	
	mol. %
	9.7
	16.2
	17.8
	56.3
	22.1
	37.1
	40.7
	

	SQ4
	mass %
	46.0
	21.1
	16.7
	16.2
	50.8
	26.4
	22.8
	Bulk composition

	
	mol. %
	9.7
	18.9
	20.9
	50.6
	19.6
	38.2
	42.2
	

	SQ5
	mass %
	45.5
	21.8
	16.8
	15.8
	50.0
	27.2
	22.8
	

	
	mol. %
	9.6
	19.7
	21.1
	49.7
	19.1
	39.0
	41.8
	

	SQ6
	mass %
	43.7
	23.0
	16.5
	16.7
	48.4
	28.9
	22.6
	

	
	mol. %
	8.9
	20.1
	20.1
	50.9
	18.2
	40.9
	40.9
	

	P1
	mass %
	77.3
	-
	11.3
	11.3
	84.7
	-
	15.3
	CaUO4-x

	
	mol. %
	24.7
	-
	21.5
	53.9
	53.5
	-
	46.5
	

	P2
	mass %
	-
	53.4
	19.9
	26.7
	-
	71.2
	28.8
	Eutectic
CaO-FeO

	
	mol. %
	-
	30.7
	15.9
	53.5
	-
	65.9
	34.1
	

	P3
	mass %
	62.6
	-
	23.4
	13.9
	68.4
	-
	31.6
	Ca2UO4

	
	mol. %
	15.3
	-
	34.0
	50.7
	31.0
	-
	69.0
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Fig. 5.72 -Micrograph of sample 2. PRS26
Table 5.61-EDX data on sample 2
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	39.9
	25.7
	16.9
	17.4
	44.4
	32.4
	23.2
	Bulk composition

	
	mol. %
	7.8
	21.5
	19.7
	50.9
	16.0
	43.8
	40.2
	

	SQ2
	mass %
	40.5
	25.0
	16.9
	17.5
	45.1
	31.6
	23.2
	

	
	mol. %
	8.0
	21.0
	19.7
	51.3
	16.4
	43.1
	40.5
	

	SQ3
	mass %
	40.9
	25.1
	17.4
	16.6
	45.0
	31.4
	23.6
	

	
	mol. %
	8.2
	21.5
	20.7
	49.6
	16.3
	42.6
	41.1
	

	SQ4
	mass %
	43.2
	23.4
	16.5
	16.9
	47.9
	29.4
	22.6
	

	
	mol. %
	8.8
	20.2
	19.9
	51.1
	17.9
	41.3
	40.7
	

	SQ5
	mass %
	46.3
	19.9
	15.9
	17.9
	52.3
	25.5
	22.2
	Porous zone composition

	
	mol. %
	9.4
	17.3
	19.2
	54.1
	20.5
	37.6
	41.9
	

	SQ6
	mass %
	44.5
	22.1
	18.6
	14.8
	48.1
	27.1
	24.8
	Composition of “spherolites”

	
	mol. %
	9.5
	20.1
	23.6
	46.9
	17.9
	37.8
	44.4
	

	SQ7
	mass %
	43.7
	21.5
	19.3
	15.4
	47.6
	26.5
	25.9
	

	
	mol. %
	9.1
	19.1
	24.0
	47.8
	17.5
	36.6
	45.9
	

	SQ8
	mass %
	37.4
	29.5
	14.8
	18.3
	41.9
	37.5
	20.6
	Composition of fine-grain structure

	
	mol. %
	7.1
	24.0
	16.8
	52.0
	14.9
	50.0
	35.1
	

	SQ9
	mass %
	40.0
	27.8
	14.6
	17.6
	44.6
	35.3
	20.1
	

	
	mol. %
	7.9
	23.4
	17.1
	51.7
	16.3
	48.4
	35.3
	

	SQ10
	mass %
	39.5
	25.8
	17.7
	17.0
	43.6
	32.3
	24.1
	Bulk composition

	
	mol. %
	7.8
	21.7
	20.7
	49.8
	15.5
	43.2
	41.3
	

	P1
	mass %
	64.7
	-
	21.6
	13.6
	70.8
	-
	29.2
	Ca2UO4

	
	mol. %
	16.4
	-
	32.4
	51.2
	33.5
	-
	66.5
	

	P2
	mass %
	37.7
	30.1
	14.7
	17.5
	41.9
	37.9
	20.2
	Mixture of phases

	
	mol. %
	7.3
	25.0
	17.0
	50.6
	14.9
	50.6
	34.5
	



[image: image119]
Fig. 5.73 -Micrograph of sample 3. PRS26
Table 5.62-EDX data on sample 3
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	40.4
	24.9
	16.8
	18.0
	45.3
	31.6
	23.2
	Bulk composition

	
	mol. %
	7.9
	20.6
	19.4
	52.1
	16.4
	43.1
	40.5
	

	SQ2
	mass %
	41.0
	24.4
	16.8
	17.9
	45.9
	31.0
	23.1
	

	
	mol. %
	8.0
	20.4
	19.5
	52.1
	16.7
	42.6
	40.7
	

	SQ3
	mass %
	39.9
	25.2
	17.0
	17.9
	44.6
	31.9
	23.5
	

	
	mol. %
	7.8
	20.9
	19.7
	51.7
	16.1
	43.2
	40.7
	

	SQ4
	mass %
	42.7
	22.8
	17.0
	17.4
	47.7
	28.9
	23.4
	

	
	mol. %
	8.5
	19.4
	20.2
	51.8
	17.7
	40.3
	41.9
	

	SQ5
	mass %
	43.5
	22.5
	16.7
	17.3
	48.6
	28.5
	22.9
	

	
	mol. %
	8.8
	19.3
	19.9
	52.0
	18.3
	40.2
	41.5
	

	SQ6
	mass %
	43.8
	21.9
	16.7
	17.6
	49.1
	27.8
	23.1
	

	
	mol. %
	8.8
	18.7
	19.9
	52.6
	18.6
	39.5
	42.0
	

	P1
	mass %
	75.5
	-
	10.9
	13.5
	84.8
	-
	15.2
	CaUO4-x

	
	mol. %
	22.1
	-
	19.0
	58.9
	53.8
	-
	46.2
	

	P2
	mass %
	-
	56.4
	18.0
	25.6
	-
	74.2
	25.8
	Eutectic
CaO-FeO

	
	mol. %
	-
	33.0
	14.7
	52.3
	-
	69.2
	30.8
	

	P3
	mass %
	55.6
	-
	24.5
	19.9
	64.7
	-
	35.3
	Ca2UO4

	
	mol. %
	11.2
	-
	29.3
	59.5
	27.6
	-
	72.4
	

	P4
	mass %
	10.5
	47.4
	18.6
	23.5
	12.0
	61.7
	26.3
	Mixture of phases

	
	mol. %
	1.6
	30.0
	16.4
	52.0
	3.2
	62.6
	34.2
	


Fig. 5.74 shows the polished section of the PRS26 corium ingot.
[image: image120.png]



Fig. 5.74 -A polished section from PRS26 with regions marked for the SEM/EDX analysis
Analysis of the PRS26 ingot fragment also confirms the consecutive crystallization of CaUO4-x- and Ca2UO4-based phases. In the inter-dendrite  space the phases based on the  FeO(CaO) solid solution and Ca2Fe2O5 compound were identified, which compose the eutectic structure. The eutectic composition corresponds to mol. % (mass %): 67.0±1.3 FeO, 33.0±1.3 CaO (72.2±1.2 FeO, 27.8±1.2 CaO). Similar to experiments PRS24 and PRS25 the PRS26 ingot had iron-based metallic phase.

Figs. 5.75–5.81 and tables 5.63–5.68 show the SEM/EDX data of ingot fragment.


[image: image121]
Fig. 5.75 -Micrograph of region 1. PRS26
Table 5.63 -EDX data on region 1
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	42.8
	21.6
	17.7
	17.9
	48.0
	27.5
	24.4
	Bulk composition

	
	mol. %
	8.4
	18.2
	20.7
	52.7
	17.8
	38.4
	43.7
	

	SQ2
	mass %
	39.3
	23.5
	18.1
	19.1
	44.5
	30.2
	25.3
	

	
	mol. %
	7.4
	18.8
	20.2
	53.5
	15.9
	40.5
	43.5
	

	SQ3
	mass %
	47.5
	19.2
	16.7
	16.6
	52.8
	24.2
	23.0
	

	
	mol. %
	10.0
	17.1
	20.9
	52.0
	20.8
	35.7
	43.5
	

	SQ4
	mass %
	10.7
	37.3
	25.9
	26.1
	12.6
	49.8
	37.6
	-

	
	mol. %
	1.5
	22.3
	21.6
	54.6
	3.3
	49.2
	47.5
	

	P1
	mass %
	90.6
	-
	-
	9.4
	100.0
	-
	-
	UO2

	
	mol. %
	39.3
	-
	-
	60.7
	100.0
	-
	-
	

	P2
	mass %
	65.3
	-
	20.7
	13.9
	71.9
	-
	28.1
	Ca2UO4

	
	mol. %
	16.5
	-
	31.1
	52.4
	34.7
	-
	65.3
	

	P3
	mass %
	73.4
	-
	12.0
	14.6
	83.2
	-
	16.8
	CaUO4-x

	
	mol. %
	20.3
	-
	19.7
	60.0
	50.7
	-
	49.3
	

	P4
	mass %
	-
	57.3
	20.9
	21.8
	-
	71.6
	28.4
	Eutectic 
FeO-CaO

	
	mol. %
	-
	35.3
	17.9
	46.8
	-
	66.3
	33.7
	

	P5
	mass %
	-
	46.2
	23.5
	30.3
	-
	64.3
	35.7
	

	
	mol. %
	-
	25.0
	17.8
	57.2
	-
	58.5
	41.5
	

	P6
	mass %
	75.9
	-
	11.1
	13.0
	84.8
	-
	15.2
	CaUO4-x

	
	mol. %
	22.7
	-
	19.6
	57.7
	53.6
	-
	46.4
	

	P7
	mass %
	76.4
	-
	10.0
	13.6
	86.1
	-
	13.9
	

	
	mol. %
	22.6
	-
	17.6
	59.8
	56.3
	-
	43.7
	

	P8
	mass %
	76.8
	-
	10.3
	12.9
	85.8
	-
	14.2
	

	
	mol. %
	23.3
	-
	18.6
	58.1
	55.6
	-
	44.4
	

	P9
	mass %
	65.6
	-
	20.0
	14.4
	72.6
	-
	27.4
	Ca2UO4

	
	mol. %
	16.4
	-
	29.8
	53.8
	35.6
	-
	64.5
	

	P10
	mass %
	-
	47.8
	22.7
	29.5
	-
	65.9
	34.1
	Eutectic 
FeO-CaO

	
	mol. %
	-
	26.2
	17.4
	56.4
	-
	60.1
	39.9
	

	P11
	mass %
	-
	61.8
	10.5
	27.7
	-
	84.4
	15.6
	FeO with matrix

	
	mol. %
	-
	35.7
	8.5
	55.9
	-
	80.8
	19.2
	

	P12
	mass %
	-
	82.1
	13.0
	5.0
	-
	-
	-
	Fe with oxidic phases

	
	mol. %
	-
	69.9
	15.4
	14.7
	-
	-
	-
	

	P13
	mass %
	-
	92.8
	3.8
	3.4
	-
	-
	-
	

	
	mol. %
	-
	84.4
	4.8
	10.8
	-
	-
	-
	



[image: image122]
Fig. 5.76 -Micrograph of region 2. PRS26
Table 5.64 -EDX data on region 2

	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	54.4
	13.8
	15.9
	15.9
	60.6
	17.4
	21.9
	Bulk composition

	
	mol. %
	12.3
	13.2
	21.3
	53.2
	26.2
	28.3
	45.6
	

	SQ2
	mass %
	56.4
	10.5
	17.3
	15.8
	62.9
	13.3
	23.7
	

	
	mol. %
	12.9
	10.2
	23.4
	53.5
	27.7
	22.0
	50.3
	

	SQ3
	mass %
	64.6
	6.8
	14.2
	14.4
	71.9
	8.5
	19.5
	

	
	mol. %
	16.5
	7.3
	21.6
	54.6
	36.3
	16.2
	47.5
	

	SQ4
	mass %
	52.5
	15.7
	15.6
	16.3
	58.7
	19.9
	21.4
	

	
	mol. %
	11.6
	14.7
	20.4
	53.3
	24.8
	31.6
	43.6
	

	SQ5
	mass %
	52.0
	15.4
	16.8
	15.9
	57.7
	19.4
	23.0
	

	
	mol. %
	11.5
	14.5
	22.0
	52.1
	23.9
	30.2
	45.9
	

	P1
	mass %
	75.9
	-
	10.8
	13.3
	85.1
	-
	14.9
	CaUO4-x

	
	mol. %
	22.4
	-
	18.9
	58.6
	54.2
	-
	45.8
	

	P2
	mass %
	65.2
	-
	21.0
	13.8
	71.6
	-
	28.4
	Ca2UO4

	
	mol. %
	16.5
	-
	31.6
	51.9
	34.3
	-
	65.7
	

	P3
	mass %
	75.5
	-
	10.9
	13.5
	84.9
	-
	15.1
	CaUO4-x

	
	mol. %
	22.1
	-
	19.0
	58.9
	53.8
	-
	46.2
	

	P4
	mass %
	62.8
	-
	22.8
	14.3
	69.1
	-
	30.9
	Ca2UO4

	
	mol. %
	15.3
	-
	32.9
	51.8
	31.7
	-
	68.3
	

	P5
	mass %
	-
	98.5
	-
	1.5
	-
	-
	-
	Fe

	
	mol. %
	-
	95.0
	-
	5.0
	-
	-
	-
	

	P6
	mass %
	-
	98.4
	-
	1.6
	-
	-
	-
	

	
	mol. %
	-
	94.5
	-
	5.5
	-
	-
	-
	

	P7
	mass %
	-
	40.0
	29.5
	30.5
	-
	55.4
	44.6
	CaUO4-x

	
	mol. %
	-
	21.3
	22.0
	56.8
	-
	49.2
	50.8
	

	P8
	mass %
	-
	79.8
	5.5
	14.6
	-
	93.0
	7.0
	FeO(CaO)

	
	mol. %
	-
	57.6
	5.5
	36.9
	-
	91.2
	8.8
	



[image: image123]
Fig. 5.77 -Micrograph of region 3. PRS26
Table 5.65 -EDX data on region 3
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	48.8
	18.2
	15.8
	17.2
	54.9
	23.2
	21.9
	-

	
	mol. %
	10.2
	16.3
	19.7
	53.8
	22.2
	35.2
	42.7
	

	SQ2
	mass %
	30.3
	33.7
	16.7
	19.3
	34.0
	42.9
	23.1
	

	
	mol. %
	5.4
	25.7
	17.7
	51.2
	11.1
	52.6
	36.3
	

	SQ3
	mass %
	50.7
	17.0
	15.0
	17.3
	57.3
	21.8
	20.9
	

	
	mol. %
	10.8
	15.4
	19.0
	54.8
	23.9
	34.1
	42.0
	

	SQ4
	mass %
	52.0
	14.3
	16.2
	17.6
	59.0
	18.3
	22.7
	

	
	mol. %
	11.0
	12.9
	20.4
	55.6
	24.9
	29.1
	46.0
	

	SQ5
	mass %
	36.4
	26.8
	17.7
	19.2
	41.1
	34.3
	24.7
	

	
	mol. %
	6.7
	21.1
	19.5
	52.7
	14.2
	44.6
	41.2
	

	SQ6
	mass %
	58.5
	9.6
	16.3
	15.6
	65.3
	12.2
	22.5
	

	
	mol. %
	13.7
	9.6
	22.6
	54.1
	29.8
	20.9
	49.3
	

	SQ7
	mass %
	39.4
	25.0
	17.1
	18.5
	44.3
	31.9
	23.8
	

	
	mol. %
	7.5
	20.4
	19.4
	52.7
	15.9
	43.0
	41.1
	

	P1
	mass %
	64.7
	-
	21.5
	13.8
	70.9
	-
	29.1
	Ca2UO4

	
	mol. %
	16.3
	-
	32.1
	51.6
	33.6
	-
	66.4
	

	P2
	mass %
	-
	72.9
	1.7
	25.5
	-
	97.6
	2.4
	FeO(CaO)

	
	mol. %
	-
	44.4
	1.4
	54.2
	-
	96.9
	3.1
	

	P3
	mass %
	-
	39.6
	28.7
	31.7
	-
	56.0
	44.0
	Ca2Fe2O5

	
	mol. %
	-
	20.8
	21.0
	58.2
	-
	49.8
	50.2
	

	P4
	mass %
	64.5
	-
	21.3
	14.2
	71.1
	-
	28.9
	Ca2UO4

	
	mol. %
	16.0
	-
	31.4
	52.6
	33.8
	-
	66.2
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Fig. 5.78 -Micrograph of region 4. PRS26
Table 5.66 -EDX data on region 4
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	44.6
	20.7
	15.6
	19.2
	51.1
	26.9
	22.0
	Bulk composition

	
	mol. %
	8.7
	17.2
	18.1
	55.9
	19.8
	39.1
	41.1
	

	SQ2
	mass %
	43.2
	21.7
	16.3
	18.9
	49.1
	28.0
	22.9
	

	
	mol. %
	8.4
	18.0
	18.9
	54.7
	18.6
	39.7
	41.7
	

	SQ3
	mass %
	44.9
	20.8
	15.8
	18.6
	51.1
	26.8
	22.2
	

	
	mol. %
	8.9
	17.6
	18.6
	54.9
	19.8
	39.0
	41.3
	

	SQ4
	mass %
	-
	50.5
	17.5
	32.0
	-
	72.6
	27.4
	Eutectic 
CaO-FeO

	
	mol. %
	-
	27.1
	13.1
	59.8
	-
	67.4
	32.6
	

	SQ5
	mass %
	-
	51.4
	19.2
	29.3
	-
	71.1
	28.9
	

	
	mol. %
	-
	28.5
	14.8
	56.7
	-
	65.7
	34.3
	

	SQ6
	mass %
	32.5
	27.5
	18.3
	21.6
	37.7
	36.2
	26.1
	Bulk composition

	
	mol. %
	5.6
	20.2
	18.7
	55.5
	12.6
	45.4
	42.0
	

	SQ7
	mass %
	28.6
	31.4
	18.6
	21.4
	32.8
	40.9
	26.3
	

	
	mol. %
	4.8
	22.6
	18.7
	53.9
	10.5
	49.1
	40.4
	

	SQ8
	mass %
	30.8
	29.8
	18.7
	20.7
	35.1
	38.5
	26.4
	

	
	mol. %
	5.3
	22.0
	19.3
	53.5
	11.5
	47.2
	41.4
	

	P1
	mass %
	75.4
	-
	11.3
	13.4
	84.4
	-
	15.6
	CaUO4-x

	
	mol. %
	22.1
	-
	19.6
	58.3
	53.0
	-
	47.1
	

	P2
	mass %
	64.9
	-
	20.9
	14.2
	71.6
	-
	28.4
	Ca2UO4

	
	mol. %
	16.2
	-
	31.0
	52.7
	34.4
	-
	65.6
	

	P3
	mass %
	-
	72.6
	1.6
	25.8
	-
	97.7
	2.3
	FeO(CaO)

	
	mol. %
	-
	44.1
	1.3
	54.6
	-
	97.1
	2.9
	

	P4
	mass %
	-
	39.6
	28.2
	32.2
	-
	56.3
	43.7
	Ca2Fe2O5

	
	mol. %
	-
	20.7
	20.6
	58.7
	-
	50.2
	49.8
	

	P5
	mass %
	75.4
	-
	10.6
	14.0
	85.2
	-
	14.8
	CaUO4-x

	
	mol. %
	21.8
	-
	18.2
	60.0
	54.5
	-
	45.5
	

	P6
	mass %
	75.6
	-
	11.1
	13.3
	84.7
	-
	15.3
	

	
	mol. %
	22.3
	-
	19.4
	58.3
	53.5
	-
	46.5
	

	P7
	mass %
	62.2
	-
	22.2
	15.6
	69.4
	-
	30.6
	Ca2UO4

	
	mol. %
	14.6
	-
	31.0
	54.5
	32.0
	-
	68.0
	

	P8
	mass %
	64.2
	-
	20.9
	15.0
	71.4
	-
	28.6
	

	
	mol. %
	15.6
	-
	30.1
	54.3
	34.1
	-
	65.9
	

	P9
	mass %
	-
	73.2
	1.7
	25.2
	-
	97.6
	2.4
	FeO(CaO)

	
	mol. %
	-
	44.8
	1.4
	53.8
	-
	96.9
	3.1
	

	P10
	mass %
	-
	39.2
	28.8
	32.0
	-
	55.5
	44.5
	Ca2Fe2O5

	
	mol. %
	-
	20.5
	21.1
	58.4
	-
	49.4
	50.6
	

	SQ9
	mass %
	-
	57.8
	20.1
	22.1
	-
	72.5
	27.5
	Eutectic
CaO-FeO

	
	mol. %
	-
	35.4
	17.2
	47.4
	-
	67.3
	32.7
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Fig. 5.79 -Micrograph of region 5. PRS26
Table 5.67 -EDX data on region 5
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	47.5
	17.8
	16.3
	18.4
	54.1
	23.0
	22.9
	-

	
	mol. %
	44.0
	20.3
	17.1
	18.7
	50.0
	26.1
	23.9
	

	SQ2
	mass %
	8.6
	17.0
	19.9
	54.5
	19.0
	37.3
	43.7
	

	
	mol. %
	39.8
	25.9
	15.5
	18.9
	45.1
	33.3
	21.6
	

	SQ3
	mass %
	7.6
	21.1
	17.5
	53.7
	16.4
	45.6
	37.9
	

	
	mol. %
	9.7
	14.9
	21.0
	54.5
	21.2
	32.6
	46.2
	

	SQ4
	mass %
	9.1
	48.1
	17.5
	25.3
	10.7
	63.9
	25.4
	

	
	mol. %
	1.3
	29.5
	15.0
	54.2
	2.9
	64.4
	32.7
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Fig. 5.80 -Micrograph of region 6. PRS26
Table 5.68 -EDX data on region 6
	#
	U
	Fe
	Ca
	O
	UO2
	FeO
	CaO
	Phase

	SQ1
	mass %
	12.2
	35.3
	33.5
	19.1
	13.0
	42.8
	44.2
	

	
	mol. %
	1.9
	23.3
	30.8
	44.0
	3.4
	41.6
	55.0
	

	SQ2
	mass %
	30.6
	35.9
	17.4
	16.1
	33.0
	44.0
	23.1
	

	
	mol. %
	5.8
	29.1
	19.6
	45.6
	10.7
	53.4
	35.9
	

	SQ3
	mass %
	63.8
	4.3
	16.9
	15.0
	71.2
	5.4
	23.3
	

	
	mol. %
	15.7
	4.5
	24.8
	55.0
	34.9
	10.0
	55.1
	

	P1
	mass %
	62.9
	-
	22.4
	14.7
	69.5
	-
	30.5
	Ca2UO4

	
	mol. %
	15.2
	-
	32.1
	52.7
	32.1
	-
	67.9
	

	P2
	mass %
	-
	98.8
	-
	1.2
	-
	-
	-
	Fe

	
	mol. %
	-
	95.8
	-
	4.2
	-
	-
	-
	

	P3
	mass %
	-
	19.4
	49.6
	30.9
	-
	26.5
	73.5
	CaO (FeO)

	
	mol. %
	-
	9.9
	35.2
	54.9
	-
	21.9
	78.1
	

	P4
	mass %
	64.0
	-
	21.2
	14.8
	71.0
	-
	29.0
	Ca2UO4

	
	mol. %
	15.6
	-
	30.7
	53.7
	33.7
	-
	66.3
	

	P5
	mass %
	-
	98.8
	-
	1.2
	-
	-
	-
	Fe

	
	mol. %
	-
	95.9
	-
	4.1
	-
	-
	-
	

	P6
	mass %
	-
	40.0
	28.9
	31.1
	-
	56.0
	44.0
	Ca2Fe2O5

	
	mol. %
	-
	21.2
	21.3
	57.5
	-
	49.9
	50.1
	

	P7
	mass %
	75.2
	-
	10.8
	14.0
	85.0
	-
	15.0
	CaUO4-x

	
	mol. %
	21.6
	-
	18.4
	59.9
	54.0
	-
	46.0
	

	P8
	mass %
	65.4
	-
	20.8
	13.8
	71.8
	-
	28.2
	Ca2UO4

	
	mol. %
	16.6
	-
	31.4
	52.0
	34.6
	-
	65.4
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Fig. 5.81 -Micrograph of region 7. PRS26

6. Differential thermal analysis
Differential thermal analysis (DTA) of samples was made using the SETSYS Evolution-2400 instrument. The SETSOFT 2000 software was used in the processing of data.

6.1. PRS14

Из закаленной пробы расплава # 3 был подготовлен порошок с размером частиц менее 50 мкм для определения Tsol и Tliq. После проведения SEM/EDX анализа было определено расположение зоны кристаллизации тройной эвтектики. Из этой зоны был выколот фрагмент и подготовлена порошковая проба для определения Teut.
Analysis parameters and procedures.
The mass of samples was approx. 100 mg, the crucible material - Pt. Before the analysis the measurement cell was evacuated, centralized and filled with high-purity argon. The heating rate in the work section was 5 (С/min, type of thermocouple - В (Pt-30%Rh; Pt-6%Rh). Liquidus, solidus and eutectic temperatures were determined by the crossing of the baseline and tangent to the shoulder of analyzed thermal effect (onset). The DTА curve of the whole measurement process and the fragment with recorded effects at the heating stage are shown in Fig. 6.1.
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Fig. 6.1 – The DTА curve of melt sample #3 from experiment PRS14: a) recording of the whole process; b) fragment of the DTA curve during heating with denoted thermal effects.

Four endothermic effects have been identified on the DTA curve during heating (Fig. 6.1b). The last one, the onset of which corresponds to 1225 (С, can be interpreted as the liquidus temperature of the studied specimen. First three effects are likely to be attributed to the  eutectic melting of decomposition of solid phases  found by the  analysis of sample microstructure. The endothermic effect preceding the system liquidus and corresponding to 1199 (С in all probability refers to the melting of two-phase three-component eutectics (Fig. 5.3, region P2). This eutectics occupies a considerable volume in samples, which is demonstrated by the large area of endothermic peak attributed to it. Next endothermic effect, the onset of which corresponds to 1189 (С, is probably related to one of the possible phase transitions between solidus and liquidus of the sample, or it is its solidus. The endothermic effect, the onset of which corresponds to 1163 (С, is either the sample solidus or  subsolidus phase transition.

Fig. 6.2 shows the thermogram of sample cleaved from the eutectic nucleus of experiment PRS14.
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Fig. 6.2 – DTA curve of the sample from the PRS14 eutectic zone: a) recording of the whole process; b) DTA curve fragment during heating with denoted heat effects 

It can be mentioned that the first and last endothermic peaks are the superposition  of endothermic effects. The first endothermic effect probably corresponds to the  ternary eutectics in the system; it starts at 1112 (С. The last effect corresponds to the sample liquidus (1191 (С). A number of effects before it refers to the melting of recorded two-phase three-component eutectics (line of binary eutectics). And effects corresponding to temperatures 1118, 1151 and 1165 (С can be attributed to phase transitions taking place between solidus and liquidus of the system.

6.2. PRS15

Quenched melt sample # 1 of PRS15 was used to prepare the powder with particle size 50 µm to determine Tsol. After the SEM/EDX analysis the location of ternary eutectic crystallization zone was determined. A fragment was cleaved from that zone and a powder sample was prepared to determine Teut.

Analysis parameters and procedures.
The mass of samples was approx. 100 mg, crucible material - Pt. Before the analysis the measurement cell was evacuated, centralized and filled with high-purity argon. The heating rate in the work section was 5 (С/min, type of thermocouple - В (Pt-30%Rh; Pt-6%Rh). Liquidus, solidus and eutectic temperatures were determined by the crossing of the baseline and tangent to the shoulder of analyzed thermal effect (onset). The DTА curve of the whole measurement process and the fragment with recorded effects at the heating stage are shown in Figs. 6.3, 6.4

Fig. 6.3 shows the thermogram of melt sample #1. During heating only one endothermic effect is observed, which probably   corresponds either to the solidus temperature of the sample or to the subsolidus phase transition in it. This effect probably cannot be considered as an equilibrical one because the sample was produced by the quenching of high-temperature liquid.
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Fig. 6.3 – The DTА curve of melt sample #1 from experiment PRS15: a) recording of the whole process; b) fragment of the DTA curve during heating with denoted thermal effects.

Fig. 6.4 shows the thermogram of a sample cleaved from the eutectic nucleus of PRS15.

Similar to the eutectic composition of PRS14 the first and last endothermic peaks are the superposition of endothermic effects. The first endothermic effect probably corresponds to the ternary eutectic in the system, the onset of which takes place at 1115 (С. The last effect corresponds to the sample liquidus (1210 (С). A number of effects before it can be attributed to the melting of registered two-phase three-component eutectics (1200 and 1191(С – on the line of binary eutectics). And effects corresponding to temperatures 1123, 1145 and 1175 (С can be attributed to the phase transitions taking place between the solidus and liquidus of the system.
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Fig. 6.4 – DTA curve of the sample from the PRS15 eutectic zone: a) recording of the whole process; b) DTA curve fragment during heating with denoted heat effects 

6.3. PRS18

Quenched melt sample # 2 was used to prepare the powder with dispersibility below 50 µm; and two measurements were taken.

Analysis parameters and procedures.
The mass of samples was approx. 100 mg, crucible material - Pt. Before the analysis the measurement cell was evacuated and filled with high-purity argon. The heating rate in the work section was 5 (С/min, type of thermocouple - В (Pt-30%Rh; Pt- 6%Rh). Liquidus, solidus and eutectic temperatures were determined by the crossing of the baseline and tangent to the peak side. The DTА curves of the whole measurement process at the heating stage are shown in Figs. 6.5, 6.6.
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Fig. 6.5 – The DTА curve of melt sample #2 from experiment PRS18: a) recording of the whole process; b) fragment of the DTA curve during heating with denoted thermal effects.

During heating two peaks were observed on the DTA curve (Fig. 6.5b). At this, if the first peak has a symmetrical shape and corresponds to one endothermic effect, the last one has  a complex shape, it is a superposition of a t least two endothermic effects. The last endothermic effect can probably be attributed to the liquidus temperature of the studied specimen; it starts at  1434 (С. A small area of the effect should be noted, which can testify to the insignificant amount of the solid phase before the final melting of the specimen. The character of microstructure agrees with this interpretation (Fig. 5.34). Bur a possibility of reaching the liquidus cannot be excluded. In that case this endothermic  belongs to the system phase between the solidus and liquidus. Endothermic effects corresponding to 1415 and 1316 (С are likely to be attributed to the phase transitions between the solidus and liquidus, which take place in the system (melting and decomposition of coexisting phases), or to the subsolidus transitions. In accordance with the microstructural data the system solidus for the studied specimen was not identified due to the insufficient sensitivity (immediately above solidus the fraction of liquid phase was too small) an because of the non-equilibrium of the sample composition.

Fig. 6.6 shows the thermogram of the repeated heating of the same sample.
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Fig. 6.6 – The DTА curve of melt sample #2 from experiment PRS18: a) recording of the whole process; b) fragment of the DTA curve during repeated heating with denoted thermal effects

Effects appear on thermogram at 1155 (C and 1282 (C, they disappear at 1316 (C and at 1415 (С. The effect related to the system solidus (1430 (С) is easily reproducible. Such behavior of the system at DTA corresponds to the non-equilibrium of the sample. In this case more reliable are the measurements of second (repeated) heating, and solidus can be evaluated as 1155 (C, and liquidus - as 1432(2 (С.

6.4. PRS20

Quenched melt sample # 2 of PRS20 was used to prepare the powder with dispersibility below 50 µm to determine Tsol.

Analysis parameters and procedures.
The mass of samples was approx. 100 mg, crucible material - Pt. Before the analysis the measurement cell was evacuated and filled with high-purity argon. The heating rate in the work section was 40 (С/min at the initial stage and 5 (С/min at the final stage, type of thermocouple - В (Pt-30%Rh; Pt-6%Rh). Liquidus, solidus and eutectic temperatures were determined by the crossing of the baseline and tangent to the peak side. The DTА curves of the whole measurement  process at the heating stage are shown in Fig. 6.7.

Several endothermic effects were recorded during the heating of this sample, the first of which (1165 (С) can be attributed to the solidus temperature of the sample. Other effects correspond to the phase transitions between solidus and liquidus of the system. Liquidus temperature was not reached for this sample.
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Fig. 6.7 – The DTА curve of melt sample #2 from experiment PRS20: a) recording of the whole process; b), c) fragments of the DTA curve during heating with denoted thermal effects

6.5. PRS24

Quenched melt sample # 2 of PRS24 was used to prepare the powder with dispersibility below 50 µm to determine Tsol.

Analysis parameters and procedures.
The sample mass was approximately 100 mg, crucible material – Pt. Before the analysis the measurement cell was evacuated, centralized and filled with high-purity argon. The heating rate in the work section was 40 (С/min, type of thermocouple – В (Pt-30%Rh; Pt-6%Rh). Liquidus, solidus and eutectic temperatures were determined by the crossing of the baseline and tangent to the peak side. The DTА curves of the whole measurement process at the heating stage are shown in Fig. 6.8.
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Fig. 6.8 – The DTА curve of melt sample #2 from experiment PRS24: a) recording of the whole process; b) fragment of the DTA curve during heating with denoted thermal effects.

The thermogram shows endothermic effects at 1234 (C and 1270 (C. First of the recorded effects can be taken as the solidus temperature. Liquidus was not reached for this sample.

6.6. PRS26

Melt quenched sample # 1, 2 and 3 was used to prepare the powder with dispersibility below 50 µm to determine Tsol and Tliq.

Analysis parameters and procedures.
The mass of samples was approx. 65 mg, crucible material - Pt; the reference crucible was not used. Before the analysis the measurement cell was evacuated and filled with high-purity argon. The heating rate in the work section was 5 (С/min, type of thermocouple - В (Pt-30%Rh; Pt-6%Rh). Liquidus, solidus and eutectic temperatures were determined by the crossing of the baseline and tangent to the peak side. 

Produced results:

DTA graphs of sample #1 at the heating stage are given in Fig. 6.9.
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Fig. 6.9 – DTA fragment of sample # 1 of PRS26. Heating.

During heating the DTA curve shows only one peak of complex configuration, which corresponds to the superposition of two endothermic effects (Fig. 6.9). The first effect, the onset of which was recorded at 1177(С, probably corresponds to the solidus temperature of the system.

Fragment of the DTA curve for the PRS26 sample #2 is given in Fig. 6.10.
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Fig. 6.10 – DTA fragment of sample # 2 of PRS26. Heating.

During heating the DTA curve shows one endothermic effect  at 1190(С (Fig. 6.10).
Fragment of the DTA curve for the PRS26 sample #3 is given in Fig. 6.11.
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Fig. 6.11 – DTA fragment of sample # 3 of PRS26. Heating.

The DTA curve for the sample heating shows three endothermic effects at 1178, 1190 and 1204 (С (Fig. 6.11), which correlate very week with the temperature levels of  endothermic effects registered for sample #3 of experiment PRS14.

In this way, the DTА of three PRS26 samples have determined thermal effects, which approximately correspond to the same temperature – 1190 °С of one of the phase transitions between solidus and liquidus of the system. For the studied composition solidus corresponds to the temperature about 1178 °С. The third identified effect, which starts at 1204°С, in all probability corresponds to the melting of binary three-component eutectics.
6.7. Experimental determination of the eutectic temperature
After the SEM/EDX of PRS14, 15 ingots the ternary eutectic composition was determined; and after the DTA of samples from the eutectic zones of the ingot the  ternary eutectic temperature was evaluated. To specify the eutectic temperature the synthesis of molten specimen was made, which had the ternary eutectic composition  (mass %, 10.4UO2, 62.5FeO, 27.1CaO)and 105 mg mass in the DTA analyzer in the platinum crucible. The sample heating was  performed at the rate of 20 g/min to the 1400 °С temperature level in the high-purity argon atmosphere. After the experimental cell cooling the crucible was taken out and visual inspection confirmed that the sample was molten completely. Further on the same crucible was placed into the analyzer to measure the temperature of ternary eutectics.

Analysis parameters and procedures.
Before the analysis the measurement cell was evacuated and filled with high-purity argon. Heating rate in the work section was 5 (С/min, thermocouple type - В (Pt-30%Rh; Pt-6%Rh). The eutectic temperature was determined by the crossing of the baseline and tangent to the peak side.

Produced results:

The DTА graphs of the whole measurement process at heating are given in Fig. 6.12. The heating curve shows three endothermic effects, which correspond to temperature values 1091, 1105 and 1135 °С. The temperature of first effect is not reflected by the thermograms of the  PRS14 and PRS15eutectic specimens, but it correlates well  with the temperature of  solid phase decomposition of the  calcium ferrite given in publications [3, 4]. Temperature 1105 °С is close to the solidus of the CaO-FeO system, and 1135 °С – to the decomposition temperature of the FeO-based solid solution of the same authors. The produced data probably do not correspond to the equilibrium crystallization of ternary eutectics  of the studied system; and more concrete data are provided by thermograms of the samples taken from the  eutectic regions of the PRS14 and PRS15 ingots.
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Fig. 6.12 –The DTА curve of synthesized sample: a) recording of the whole process; b) fragment of the DTA curve during hating with denoted thermal effects
7. VPA measurement in the Galakhov microfurnace
To measure solidus temperature in the Galakhov microfurnace specimens (flakes) were prepared from the melt samples taken during the experiment.

7.1. PRS14

Fig. 7.1 shows photographs of the specimen from sample #2 fixed in the wire holder, and its transformation during the experiment.
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	T=1181˚C
	T=1197˚C (shape degradation start)
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	T=1215˚C (active sintering starts)
	T=1253˚C
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Fig. 7.1 – Specimen of sample #2 during the experiment
The measured solidus and liquidus temperatures were, respectively: Tsol=1200 oC, Tliq=1292 oC.
7.2. PRS15

Fig. 7.2 shows photographs of the specimen from sample #2 fixed in the wire holder, and its transformation during the experiment.
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	T=1169 C
	T=1222 C (shape degradation start)
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	T=1281 C
	T=1547 C
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	T=1586 C (meniscus formation)
	T=1661 C


Fig. 7.2 – Specimen of sample #2 during the experiment
The measured solidus and liquidus temperatures were, respectively: Tsol=1222 oC, Tliq=1586 oC. The liquidus temperature value correlates well with the measurements by VPA IMCC (Section 3.2).

Fig. 7.3 shows photographs of the specimen from the sample cleaved from the eutectic nucleus of the PRS15 ingot fixed in the wire holder, and its transformation during the experiment.

In this way, the eutectic temperature determined by the VPA IMCC was 1167±20 oC. The measurement result is different from DTA, which is likely to be explained by the crystallization peculiarities of the eutectic zone in the experiment (superposition of binary eutectics with the ternary one).
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	T=1151 C (shape degradation start)
	T=1167 C
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	T=1176 C (meniscus formation)
	T=1198 C


Fig. 7.3 – Specimen cleaved from the PRS15 ingot nucleus during the experiment
7.3. PRS18

Fig. 7.4 shows photographs of the specimen from sample #4 fixed in the wire holder, and its transformation during the experiment.
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	T=1173 C
	T=1304 C (shape degradation start)
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	T=1430 C
	T=1531 C
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	T=1542 C (meniscus formation)
	T=1584 C


Fig. 7.4 – Specimen of sample #2 during the experiment
The measured solidus and liquidus temperatures were, respectively: Tsol=1305 oC, Tliq=1542 oC, which the temperatures value correlates well with the measurements by VPA IMCC. 
7.4. PRS20

Fig. 7.5 shows photographs of the specimen from sample #2 fixed in the wire holder, and its transformation during the experiment.

	
[image: image163]
	[image: image164.jpg]pyr=1553,772 (]






	T=1424 (C
	T=1553 (C (liquid phase appears)
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	T=1884 (C (active sintering starts)
	T=2052 (C (meniscus formation)


Fig. 7.5 – Specimen of sample #2 during the experiment
Three characteristic temperatures have been registered: temperature of the visually registered appearance of the liquid phase (1553 oC), temperature of the active sintering start(1884oС) and temperature of the meniscus formation (2052 oC). Similar to PRS18 in PRS20 the primary crystallization phase in accordance with SEM/EDX is the high-temperature solid  solution based on UO2(CaO,FeO), which forms a refractory and hardly soluble  frame. This complicates the evaluation of both solidus and liquidus temperatures of the sample.

7.5. PRS24

Fig. 7.6 shows photographs of the specimen from sample #2 fixed in the wire holder, and its transformation during the experiment.
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	T=1224 C
	T=1543 C (liquid phase appears)
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	T=1564 C
	T=1864 C
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	T=1961 C
	T=2225 C (active sintering starts)


Fig. 7.6 – Specimen of sample #2 during the experiment
Two characteristic temperatures have been evaluated: temperature of the liquid phase visual appearance as droplets pouring down the frame (1543 (C), temperature of the active sintering start (2225 (С). It was not possible to measure the liquidus temperature due to the small fraction of the liquid phase and the presence of refractory solution based on UO2(CaO,FeO).
7.6. PRS25

Fig. 7.7 shows photographs of the specimen from sample #1 fixed in the wire holder, and its transformation during the experiment.
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	T=1540 C
	T=1883 C
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	T=2061 C
	T=2255 C


Fig. 7.7 – Specimen of sample #1 during the experiment
None of the characteristic temperatures was evaluated for this sample by the VPA IMCC. Liquidus temperature of the system is above 2255 (С, which agrees with the VPA IMCC data. In accordance with the SEM/EDX of the primary crystallization phase, which constitutes the frame, it is the high-temperature solid solution of UO2(CaO) without FeO. The inter-dendrite space is filled with the phase mixture with a considerable content of UO2. As a rule. solidus temperature cannot be measured in samples with such microstructure.

7.7. PRS26

Figs. 7.8=7.10 shows photographs of the specimens from samples #1, 2, 3, fixed in the wire holder, and its transformation during the experiment.
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	T=1453 C
	T=1563 C (liquid phase appears)
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	T=1572 C
	T=1734 C
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	T=1768 C (shape degradation start)
	T=1817 C (meniscus formation)


Fig. 7.8 –Sample 1 during the test PRS26

Three characteristic temperatures have been evaluated for sample #1: temperature of the liquid phase visual appearance (1563oºC), temperature of the active sintering start (1768 oС) and temperature of the meniscus formation (1817 oC).
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	T=1742 C
	T=1773 C (shape degradation start)
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	T=1787 C
	T=1799 C (meniscus formation)


Fig. 7.9 –Sample 2 during the test PRS26

The measured temperatures of the specimen shape degradation start and meniscus formation were 1787 oC and 1799 oC, respectively. The produced data agree well with the measured data for sample #1.
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	T=1341 C
	T=1463 C
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	T=1563 C (color change o the sample surface)
	T=1647 C
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	T=1759 C (shape degradation start)
	T=1788 C (meniscus formation)


Fig. 7.10 –Sample 3 during the test

Three characteristic temperatures have been evaluated for sample #3: temperature of the visual change of color of the sample surface (1563 oC), temperature of the sample shape degradation start (1759 oС) and temperature of the meniscus formation (1788 oC). Summarizing the produced results we can focus on three characteristic temperatures: temperature of the visual change of color of the sample surface (1563 oC), temperature of the sample shape degradation start (1771(14 oС) and temperature of the meniscus formation (1801(15 oC). In accordance with SEM/EDX the primary crystallization phases, which constitute the frame are two chemical compounds Ca2UO4 and CaUO4-x. The first temperature level probably corresponds to the system condition, at which phases disappear or new phases appear. The last two temperature levels are likely to be related to the decomposition and melting of chemical compounds, and they do not correspond to the liquidus temperature of the system.
8. Discussion of results
1. Table 8.1 gives the comparison of averaged data for melt samples taken during PRS14, 15, 18, 20, 24, 25, 26, which were produced using different methods  (XRF, chemical analysis and EDX).

It can be seen from Table 8.1 that the composition of melt samples in experiments PRS18 and PRS24 has a considerable difference from the initial charge composition. This can be explained by the deposition of the refractory phase of primary crystallization on the walls and bottom of the cold crucible. A considerable difference of XRF and chemical analysis data from those of EDX analysis is also noticeable. The difference is mostly explained by the EDX being the microanalysis – its results are very sensitive to the quality of prepared polished section. XRF and chemical analyses were made using the average samples, in which the macro- and micro-inhomogeneity is smoothed. As the XRF and chemical analysis have shown a good agreement, but the chemical method could not determined the content of СаО (calculated from the residue), the XRF data are taken as the resultant for the melt compositions (Table 8.2).

2. The experimental data for characteristic temperatures of different compositions for the  UO2–FeO–CaO system are given in Table 8.2. We should note the difference of characteristic temperatures measured  in the Galakhov microfurnace from the data produced by the VPA IMCC and DTA. This divergence can probably be explained by the crystallization peculiarities of the system. In accordance with SEM/EDX in the experiments the primary crystallization phase is either the high temperature solid solution based on UO2(CaO,FeO) or chemical compound CaUO3, which formed the refractory and hardly soluble frame. The crystallized samples were also found to contain the  Ca2Fe2O5 chemical compound, the decomposition of which in accordance with  [4], takes place at 1449˚С. These circumstances as well as the recrystallization processes indentified by the DTA complicate the evaluation of solidus and liquidus temperatures. In view of this the data provided by the VPA IMCC and DTA  are considered to be final.

3. The studies of UO2–FeO–CaO system found no truly binary, just one ternary eutectics and eutectic crystallization along the boundary curves (binary eutectic lines) E1Et and E3Et (Fig. 8.1).
4. Table 8.3 gives the averaged composition of ternary eutectics in the UO2-CaO-FeO system. The SEM/EDX enables to conclude that this eutectics is composed of phases based on CaUO3, on the FeO(CaO) solid solution and on the Ca2Fe2O5 compound. In accordance with EDX of PRS14 and 15 eutectic zones it was determined that the eutectic composition of both experiments  is similar. In the ternary diagram of Fig. 8.1 the PRS 14, 15 initial compositions and the position of ternary eutectics in accordance with EDX, and Table 8.3 gives the averaged eutectic composition for two experiments.
5. Table 8.4 gives the compositions crystallized on the boundary curve E1Et. Using the SEM/EDX data it can be concluded that the constituents of the binary eutectic line are the  phases based on the  UO2(CaO) solid solution and on the  FeO(CaO) solid solution.
6. Table 8.5 gives the average composition of the binary eutectics on the CaO–FeO edge of the ternary system. The SEM/EDX data enable to conclude that the phases composing eutectics of this type are those based on the FeO(CaO) solid solution and Ca2Fe2O5 compound. It should be noted that the existence of this binary eutectics contradicts the results of works [3, 4] and points to the necessity of the CaO–FeO phase diagram revision.
7. Experiments GPRS66, 75 made in the Galakhov microfurnace in order to specify the ternary eutectic composition in the UO2-CaO-FeO system (GPRS series) were not representative from the point of view of the UO2-CaO-FeO system behavior, because the determined eutectic structures had a considerable content of Mo as the CaMoO4 compound, This happened due to the interaction of melt with crucible material. But the available information about the eutectic compositions in the UO2–FeO–CaO–MoO3 system (see Table 8.6) can be of interest for the verification of numerical models.

Table 8.1 -Comparison of the XRF, chemical analysis and EDX data on the composition of melt samples from PRS14, 15, 20, 24-26, mol.%
	Test
	Method of analysis
	XRF
	Chemical analysis
	EDX

	
	Component
	UO2
	FeO
	CaO
	UO2
	FeO
	CaO1)
	UO2
	FeO
	CaO

	PRS14
	Average for samples
	5.7±0.4
	74.4±2.2
	19.9±2.6
	5.0±0.4
	71.7±2.1
	23.3±2.5
	3.8±0.3
	77.5±0.5
	18.7±0.4

	
	Charge composition
	6.0
	75.0
	19.0
	6.0
	75.0
	19.0
	6.0
	75.0
	19.0

	PRS15
	Average for samples
	12.8±0.6
	48.6±2.1
	38.6±2.7
	11.8±0.5
	46.4±2.0
	41.8±2.5
	9.7±0.8
	54.3±2.6
	36.0±1.8

	
	Charge composition
	13.0
	50.0
	37.0
	13.0
	50.0
	37.0
	13.0
	50.0
	37.0

	PRS18
	Average for samples
	10.4±0.5
	73.4±2.5
	16.2±3.0
	10.4±0.5
	73.1±2.5
	16.5±3.0
	8.2±0.1
	77.1±0.6
	14.8±0.5

	
	Charge composition
	21.0
	58.0
	21.0
	21.0
	58.0
	21.0
	21.0
	58.0
	21.0

	PRS20
	Average for samples
	26.8±1.1
	43.9±2.7
	29.3±3.7
	26.6±1.0
	44.2±2.7
	29.2±3.7
	27.3±2.3
	44.6±2.3
	28.0±0.4

	
	Charge composition
	30.0
	40.0
	30.0
	30.0
	40.0
	30.0
	30.0
	40.0
	30.0

	PRS24
	Average for samples
	27.3±0.6
	62.5±0.4
	10.2±0.2
	28.9±0.1
	59.6±3.0
	11.5±3.0
	21.0±0.4
	72.2±0.8
	6.8±0.5

	
	Charge composition
	40.0
	50.0
	10.0
	40.0
	50.0
	10.0
	40.0
	50.0
	10.0

	PRS25
	Average for samples
	51.7±0.5
	22.3±0.5
	26.0±0.6
	49.5±0.5
	21.5±0.2
	29.0±0.8
	53.9±1.1
	25.9±1.2
	20.2±0.6

	
	Charge composition
	50.0
	20.0
	30.0
	50.0
	20.0
	30.0
	50.0
	20.0
	30.0

	PRS26
	Average for samples
	20.5±0.6
	30.9±0.5
	48.6±0.2
	20.5±0.3
	32.1±1.5
	47.4±1.3
	18.1±1.4
	40.6±2.1
	41.3±0.8

	
	Charge composition
	20.0
	30.0
	50.0
	20.0
	30.0
	50.0
	20.0
	30.0
	50.0


Notes:

1) – calculated from the residue.
Table 8.2 – Measured temperatures of liquidus, solidus and eutectics for the melt composition in experiments PRS14, 15, 18, 20(I), 24, 25, 26.
	Test
	Content, mol. %
	VPA IMCC

Tliq, °C
	DTA, °C
	Galakhov microfurnace, °C

	
	UO2
	FeO
	CaO
	
	
	

	PRS14
	5.7
	74.2
	20.1
	1240(30
	Tliq=1225(5
Tsol=1163(5
Tet=1112(5
	Tliq=1292(25
Tlf=1190

	PRS15
	12.9
	48.5
	38.6
	1515(30
	Tsol=1200(5
Tet=1115(5
	Tliq=1586(30
Tlf=1222

Tet=1167±20

	PRS18
	10.4
	73.4
	16.3
	1490±30
	Tliq=1434(5
Tsol=1155(5
	Tliq=1542(30
Tlf=1305

	PRS20
	26.8
	43.9
	29.3
	1820±40
	Tsol=1165(5
	Tlf=1553

	PRS24
	27.3
	62.5
	10.2
	1940±40
	Tsol=1234(5
	Tlf=1543

	PRS25
	51.7
	22.3
	26.0
	2310±50
	-
	Tlf>2255

	PRS26
	20.5
	30.9
	48.5
	1640±30
	Tsol=1178(5
	Tlf=1563


Note:

Tlf – temperature of the liquid phase visual registration.

Tet – temperature of ternary eutectics.

Te2 – temperature of binary three-component eutectics.

Table 8.3 – Ternary eutectics composition of UO2-CaO-FeO

	Eutectics
	UO2
	FeO
	СаO

	PRS14 (for 8 fields)
	mass %
	10.4±0.3
	62.5±0.6
	27.1±0.7

	
	mol.%
	2.8±0.1
	62.5±0.7
	34.7±0.8

	PRS15 (for 9 fields)
	mass %
	11.3±2.0
	59.6±2.7
	29.1±1.3

	
	mol.%
	3.0±0.6
	59.6±2.2
	37.3±1.8

	Average value (PRS14 and 15)
	mass %
	10.9±1.3
	61.1±2.1
	28.1±1.2

	
	mol.%
	2.9±0.4
	61.1±1.8
	36.0±1.6


Table 8.4 – Compositions of binary eutectics on the boundary curve E1Et (UO2(CaO) solid solution and FeO(CaO) solid solution)

	Eutectics
	UO2
	FeO
	СаO

	PRS14 ingot
	mass %
	17.1
	70.5
	12.3

	
	mol.%
	5.0
	77.6
	17.4

	PRS14 samples (for 6 fields)
	mass %
	24.1±2.5
	64.0±2.5
	11.8±0.9

	
	mol.%
	7.5±0.9
	74.8±1.7
	17.7±1.3

	PRS18 samples
(for 4 fields)
	mass %
	23.4±2.7
	66.5±2.6
	10.1±0.1

	
	mol.%
	7.3±1.0
	77.6±1.3
	15.1±0.3

	PRS24 ingot
(for 5 fields)
	mass %
	13.5±3.4
	84.5±3.3
	2.0±0.4

	
	mol.%
	4.0±1.1
	93.2±1.2
	2.8±0.6


Table 8.5 – Eutectic composition in the CaO-FeO subsystem (FeO(CaO solid solution) and Ca2Fe2O5 compound)

	Eutectics
	FeO
	СаO

	PRS15 samples
(for 2 fields)
	mass %
	76.7±0.4
	23.4±0.4

	
	mol.%
	71.9±0.4
	28.1±0.4

	PRS26 ingot
(for 6 fields)
	mass %
	72.2±1.2
	27.8±1.2

	
	mol.%
	67.0±1.3
	33.0±1.3


Table 8.6 – GPRS75 eutectic compositions in the UO2–FeO–CaO–MoO3 system 

	Eutectics
	UO2
	FeO
	CaO
	MoO3

	three-phase four-component
	mass %
	15.5(1.3
	65.3(1.5
	5.5(0.4
	13.6(1.2

	
	mol.%
	5.0(0.4
	78.4(1.2
	8.5(0.6
	8.2(0.7

	two-phase four-component
	mass %
	27.4(2.3
	68.8(1.9
	1.6(0.2
	2.0(0.6

	
	mol.%
	9.3(0.9
	86.8(1.0
	2.7(0.4
	1.3(0.4

	two-phase three-component
	mass %
	-
	69.1(3.8
	8.6(1.2
	22.2(2.6

	
	mol.%
	-
	75.7(3.3
	12.2(1.9
	12.2(1.5
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Fig. 8.1 – Fragment of the UO2-FeO-CaO phase diagram in the inert atmosphere with marked eutectic points and lines of binary eutectics

8. Conclusions
· The composition and temperature of ternary eutectics have been determined. The composition, mol%: 2.9±0.4 UO2, 61.1±1.8 FeO, 36.0±1.6 CaO. Teut= 1112±5°С.

· The analysis of primary crystallization phases for different composition of the system has been made.

· Liquidus and solidus temperatures have been evaluated for specified compositions by  VPA IMCC and classical DTA 

· Melt compositions have been determined by XRF, ChA and SEM/EDX, which showed good agreement of data. 

· No true binary sections were found in the ternary system

· The formation of CaUO3 and Ca2UO4 compounds detected during the UO2-CaO studies has been confirmed.
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