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[bookmark: _Toc61694462][bookmark: _Toc97699905][bookmark: _Toc141524284][bookmark: _Toc267403724][bookmark: _Toc320884657][bookmark: _Toc343073956]Introduction

The present research has been carried out within the ISTC PRECOS project aimed at refining phase diagrams of systems based on corium and products of its interaction with NPP materials. Reliable information about phase equilibria in such systems can determine to a significant degree correct prediction of physicochemical processes at the ex-vessel stage of a severe accident.
At present, experimental data on phase diagrams are still deficient, especially it refers to the systems that appear at the interaction of melt with the reactor concrete shaft and core catcher materials at the ex-vessel stage of a severe accident development.
The present work was aimed at experimental determination of Tliq for the compositions recommended by collaborators within PRECOS project.

[bookmark: _Toc136944436][bookmark: _Toc156369102][bookmark: _Toc320884658][bookmark: _Toc343073957]1. Published sources review


The UO2 – CaO system was for the first time studied by Alberman et al. [1] in 1951. Phase relations were studied within the 1650-2300°С range in the oxidizing atmosphere (in air). The results are presented in Fig. 1.1. Teut equals 2080±20 °С, while the eutectic composition is about 55-60 mol. % CaO. The ultimate solubility of CaO in UO2 was found by XRD to be around 47 mol. %. According to Alberman, the two compounds that form in the system at 1750°С and below are the tetragonal Са2UO4 (2CaOUO2) with grid parameters a=16.760, c=9.208 Å, Z=32, and of unknown structural type, and the cubic CaUО3 (СаОUO2) with a=10.727 Å, Z=16 that crystallizes as the c-type rare earth oxide.




Fig. 1.1. –Phase diagram of the system according to [1] (atmosphere: air)

In a later work [2], Lang, Knudsen and Fillmore studied СаО/UO2 interaction in solid state and discovered a perovskite-like compound, for which it is more appropriate to use the Ca(U,Са)Оx formula instead of CaUO3 used by the authors of [1]. The compound is rhomboid and the elementary cell parameters are as follows: a=5.78, b=8.29, c=5.97 Å. The authors confirmed the existence of fluorite-type cubic solid solutions resulting from СаО dissolution in UO2.
Amato [3] proposed investigating the subsolidus domain of the diagram applying DTA and microscopy. He systematized and compared the data from different authors and suggested his own version of the diagram (see Fig. 1.2). The main peculiarities that differentiate the data in [3] from those in [1] is the registered phase transition at 1100ºС, associated by the author with formation of one of the two compounds in the system, and a higher temperature of CaUO3 decomposition. The appearance of the liquid phase that was registered by the author of [3] at a temperature above 1400ºC is not marked in the diagram and seems doubtful.


Fig. 1.2. - Phase diagram of the system according to [3] (atmosphere: air)

In [4], Holc et al. studied phase relations in the system (Fig. 1.3a). The tests were performed in the reducing atmosphere (dry hydrogen). According to the authors, Teut equals 1850±20С, while the eutectic composition is around 62.5-63.0 mol. % CaO. The electron probe analysis has found the ultimate dissolution of CaO in UO2 to be around 30 mol. % (which significantly differs for the data in [1-3]) and around 0.35 mol. % for UO2 dissolution in CaO. No compounds formation was observed in the reducing conditions.
The authors also attempted solid phase synthesis in the oxidizing atmosphere to produce the compounds discovered by the authors of [1-3]. They managed to synthesize the perovskite-like phase Ca2(Ca0.67U4+0.33)U5+O5.83 (Ca2UO4). However, they failed to produce a compound with the CaUO3 composition. The significantly different Teut is explained by the authors of [4] by the necessity to take the ‘ternary nature’ of the system in question (UO2 – U3O7 – CaO) when studying it in air, which had not been done by the authors of [1-3]. The experts who participated in discussions of the publication came to a conclusion that this version of the diagram is a truly binary diagram that corresponds to the condition of uranium in the form of U4+.
After publication of [4], there appeared another one on the system in question [5], in which the diagram version offered in [4] has been thermodynamically optimized (Fig. 1.3b). The model of associated solutions was chosen as a model.
In [6], the data on calorimetry of the enthalpy of solid solutions formation in the UO2+x–CaO system are given. It is shown that solid solutions formation is accompanied by a significant exothermal effect.






Fig. 1.3. –Phase diagram of the system according to [4] obtained in the reducing atmosphere – a and the results of thermodynamic modeling [5] – b

The work [7] describes studies of phase equilibria in the U-Ca-O system by means of high-temperature XRD (in the 20 - 1620ºC range) under controlled oxygen partial pressure (from 105 (1 atm) up to 10-24 Pa). Several uranates have been discovered. One of them, the fluorite-structured CaUO4, was obtained in oxygen during thermal treatment of a polyphase specimen with 1:1 molar ratio of Ca:U cations. Its reduction in hydrogen has shown that within the 20 - 1100ºC range this compound has a sufficiently wide homogeneity area in terms of oxygen until CaUO3.67. When the oxygen partial pressure decreases and the temperature goes above 1390ºC, stability is acquired by another phase – the perovskite-structured CaUO3 (following the reaction CaUO4 rhomb. → CaUO3 monocl. + U1-CaO2- cub.sol.solut.). Thermal treatment of the second specimen with 3:1 molar ratio of Ca:U cations has shown that the phase Ca2UO5 loses stability at temperatures above 800 ºC. The perovskite-like Ca2(Ca,U)O6 decomposes within the 1130- 1300ºC range following the reaction Ca2(Ca,U)O6 monocl. → CaUO3 monocl. + CaO cubsol.solut.. According to the authors, CaUO3 monocl. decomposes into U1-CaO2- cub.sol.solut. and CaO cub.sol.solut. at temperatures above 1480 ºC. At the same time, the authors note intensive evaporation of CaO above 1525ºC, and this is the reason they confine themselves to this temperature when interpreting the obtained results. It is interesting to note that the authors have determined the area of U1-CaO2- solid solution homogeneity in terms of oxygen and found that the content of CaO sharply drops in said solid solution at temperatures above 1250ºC. Based on the performed investigations, an original version of the subsolidus domain of the pseudobinary system phase diagram has been offered (Fig. 1.4). Regardless of the big volume of credible results of studies within the 20-1500ºC range, the CaO evaporation noted by the authors prevents extrapolation of the authors’ results onto a higher temperature domain.


Fig. 1.4. Phase diagram of the UO2-CaO pseudobinary system subsolidus domain according to [7]

The results of [1-7] demonstrate differences both in terms of eutectic composition and temperature, components mutual solubility, intermediate compounds existence, areas of their stability and melting condition. The authors of [4] explain the observed differences by the influence of atmosphere.
Also, there exists great ambiguity concerning the temperature of CaO melting. According to different authors, it varies within the 2500 – 3000 С range.
An analysis of the published data on phase equilibria in the UO2-CaO system show that it is necessary to refine the eutectic point composition and temperature, CaO solubility in UO2, and to determine Tliq for the UO2- and CaO-rich areas.

[bookmark: _Toc97699906][bookmark: _Toc109723407][bookmark: _Toc136944437][bookmark: _Toc156369103][bookmark: _Toc320884659][bookmark: _Toc343073958]2. Experimental techniques and installations description

At present, there does not exist a single universal method that can be applied in phase diagram investigations to obtain reliable and accurate temperatures of phase transformations, including Tsol and Tliq for the systems with specified compositions, in wide range of varied gas medium compositions. In this relation, 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.

[bookmark: _Toc89600312][bookmark: _Toc320884660][bookmark: _Toc343073959]2.1. Visual polythermal analysis in a cold crucible

The method of visual polythermal analysis (VPA) [8] 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 (1-2С/min) and with no supercooling, said temperature is close to Tliq. According to [8], the procedural error does not exceed 10С.
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 [9]. 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.



Fig. 2.1.- Sample thermogram with melt surface video frames

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.


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 [10], 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 [11]. 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 [10].
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.
Posttest analyses of the ingots produced by equilibrium crystallization in a crucible with melt slowly shifted relative to the inductor make it possible to qualitatively determine the presence/absence of the miscibility gap in the system on the basis of the ingot microstructure [12].

[bookmark: _Toc89600313][bookmark: _Toc320884661][bookmark: _Toc343073960]2.2. The Galakhov method

Tliq and Tsol were determined by visual polythermal analysis in the Galakhov microfurnace [13] (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.


[bookmark: _Toc510608796][bookmark: _Toc512428598][bookmark: _Toc512767330][bookmark: _Toc49670740]
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 900-2300С. 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 25С.

[bookmark: _Toc89600314][bookmark: _Toc320884662][bookmark: _Toc343073961]2.3. Thermal analysis by means of Laser Pulse Heating (LPH)
The method of laser pulse heating [14] was applied for determining the temperature of CaO melting.
A diagram of the installation is presented in Fig. 2.5.

Fig. 2.5. - LPH installation diagram

A specimen representing either oxidic ceramics or a compressed powder with the required composition is placed into a hermetic chamber that is equipped with viewports and can be vacuumized and filled with a gas with the required composition at a pressure of up to 0.5 MPa maximum. The chamber is located on the optical table that accommodates all devices for optical measurements and the device for laser beam focusing.
A specimen is heated by the Rofin Sinar DY-033 CW laser (wavelength of 1.06 µm, maximum power of 3300 W), the radiation of which is transported along a light guide to the focusing device. Laser power can be varied by a preset program at a time constant of 1 ms.
When the specimen is heated/cooled, a fast (105 Гц) two-channel pyrometer calibrated against a reference lamp is used to measure the brightness temperature at =0.65 µm wavelength within a Ø 0.4 mm spot in the center of the heating spot several millimeters in diameter, as a rule. Thus, isothermicity is ensured within the zone of temperature measurement. The second channel of the pyrometer operates at a wavelength of 0.532 µm and is used for registration of the time-varying signal that reflects from the same area on the specimen surface. To this end, the central area of the specimen (Ø 0.7-0.9 mm) that coincides with the pyrometer measuring area, is illuminated by an auxiliary SW laser DTL-318 (=0.532 µm, up to 250 MW).
To observe changes in the condition of the specimen surface at heating/cooling, a high-speed video camera (shooting frequency up to 5 kHz, spatial resolution of 1000х500 pixels) is used. The video camera is employed in two modes: for the registration of the melt own radiation and of the reflected illuminating laser radiation at =0.532 µm. In the first case, dynamics of the temperature field changes is registered, while in the second one – these are the characteristic changes in the surface relief at heating/cooling. The latter (alongside with the use of the reflected signal of the second pyrometer channel and/or peculiarities in the heating/cooling thermogram in the form of bends or plateaus) makes it possible to identify the melting (crystallization) points or Tliq and Tsol parameters for the considered initial composition of the specimen.
The experimental installation is equipped with the high-speed multichannel spectrometer (ca. 1000 sp/s, the spectrum range of ~480-920 nm) for obtaining data on the emissivity in both solid and liquid states.


[bookmark: _Toc89600315][bookmark: _Toc320884663][bookmark: _Toc343073962]3. IMCC tests of the PRS series

[bookmark: _Toc89600316][bookmark: _Toc320884664][bookmark: _Toc343073963]3.1 Analysis of the initial charge materials

In the course of preparation for the tests, such charge components as urania and uranium have been subjected to XRF for checking content of the main substance and impurities.
Additionally, the U/O ratio was found to be 2.0 by powdered urania gravimetry.
The technique is meant for determining the U/O 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 U/O ratio calculation from the mass change during calcination [15, 16] using the equation:
UOx+(2.67-x)OUO2.67						(3.1)
Calculations employ the formula
O/U= (42.72A-280.75)/16.00A					(3.2)
where:
А is the analytical sample after calcination, g;
 is the mass change during calcination, g.
Composition of charge components is presented in Tab. 3.1.

Table 3.1. – Charge components composition
	Components
	Main substance content, %
	Impurities, mass %
	Notes

	Powdered UO2, <200 µm dispersivity
	UO2>98.9
	Zr<0.79; Fe<0.030; As<0.0003; CuO<0.01; phosphates<0.002; chlorides<0.003.
	Passport data, thermogravimetry, XRF

	Metallic U 
	U>97.3, incl.
U238 – 99.72 
U234 – 0.002;
U235 – 0.28
	Zr<2.7
	XRF and gamma-spectrometry

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



[bookmark: _Toc230159181][bookmark: _Toc267403727][bookmark: _Toc320884665][bookmark: _Toc343073964]3.2. Tests specification

All in all, five tests have been performed; in two of them Tliq was measured for two different compositions within one melting procedure. Specifications of compositions are summarized in Tab. 3.2.

Table 3.2. - PRS series experimental matrix
	Test
	Content, mass %
mol. %
	Objectives

	
	UO2
	СаО
	

	PRS4
	82.8
50.0
	17.2
50.0
	· Tliq determination by VPA IMCC.
· Ingot pulling from the inductor at 8 mm/h in order to form the eutectic nucleus and solid solution equilibrium structures.

	PRS6
	51.1
17.9
	48.9
82.1
	· Tliq determination by VPA IMCC for two melt compositions rich in CaO during one melting procedure.

	
	34.9
10.0
	65.2
90.0
	· 

	PRS10
	73.2
36.2
	26.8
63.8
	· [bookmark: OLE_LINK1]Tliq determination by VPA IMCC.
· Ingot pulling from the inductor at 8 mm/h in order to form the eutectic nucleus and solid solution equilibrium structures

	PRS11
	67.4
30.0
	32.6
70.0
	

	PRS12
	87.8
60.0
	12.2
40.0
	· Tliq determination by VPA IMCC for two melt compositions.

	
	91.8
70.0
	8.2
30.0
	



[bookmark: _Toc106611081][bookmark: _Toc230073963][bookmark: _Toc230074107][bookmark: _Toc230159183][bookmark: _Toc267403729][bookmark: _Toc320884666][bookmark: _Toc343073965]3.3. Experimental procedures

Practically all procedures of experimental Tliq determination were identical and included:
1. Preparation of powdered charge materials and their thorough mixing.
2. Furnace loading with the specified composition and blasting with nitrogen.
3. Molten pool production and superheating above Tliq.
4. Molten pool depth and bottom crust thickness measurement.
5. Molten pool shifting upward relative to the inductor, registration of the surface temperature and condition (shift termination when the solid phase forms at the melt surface).
6. Molten pool downward shifting.
7. Molten pool exposure for compensating thermal and electromagnetic losses into the crucible sections and bottom.
8. Melt sampling.
9. Molten pool shifting upward relative to the inductor to the previously marked position (Tliq measurement).
10. Repetition of items 6, 7, 8, 9 no less than three times.
11. Repetition of items 6 and 7 after the last Tliq measurement.
12. Heating cutoff, melt surface video recording.
13. Ingot extraction from the crucible for analysis.
The procedure of the eutectic nucleus experimental synthesis was the continuation of the Tliq determination procedure after item 11 that included:
12. Mechanical shifting of the crucible downward relative to the inductor until the latter reacts to the shift by decreasing the anode current.
13. Switching-on of the crucible shifting mechanism (position 7 in Fig. 1.3).
14. Pulling of the ingot at 5-10 mm/h within approximately 7-8 h.
15. Heating cutoff, melt surface video recording.
16. Ingot extraction from the crucible.
17. Ingot axial cutting and template preparation for the SEM/EDX analysis.
18. Detection of the area of the last liquid phase crystallization, i.e., of eutectic according to the SEM/EDX data, and cutting of a sample from the area for the subsequent determination of Teut by the Galakhov and DTA methods.
All in all, three tests (PRS4, 10, 11) were performed for determining the eutectic composition. Brief comments of the tests are given below.

PRS4

The start-up heating, molten pool formation and its homogenization were carried out from 0 through 1700 s. The molten pool surface temperature was 2450С. At 1701 s, the pool depth and bottom crust thickness were measured and found to be 44 and 6 mm, respectively. Then, the crucible shifting out of the inductor for films/crusts formation at the pool surface was rehearsed. A significant relocation has shown the absence of crust formation. At 2000-2200 s, the power in the melt was decreased in order to lower the melt temperature. A position of the crucible in which films/crusts appeared was fixed during another crucible shifting. At 2765 and 3050 s, melt samples were taken and then Tliq measured. After these measurements, the crucible was pulled out of the inductor at about 8 mm/h within 9 h. Then, the heating was cut off and the ingot chilled in nitrogen.
The history of the melt surface temperature (Tmel) and of the voltage (Ua) is shown in Fig. 3.1


Fig. 3.1. -History of the anode voltage (Ua) and pyrometer readings (Tmel) in PRS4

PRS6

The start-up heating, molten pool formation and its homogenization were carried out from 0 through 1700 s. During the same period, the pool depth and bottom crust thickness were measured and found to be 31 and 0.1 mm, respectively. The molten pool surface temperature was 2650С. At 1711 and 2140 s melt samples were taken and then Tliq measured. Then, from 2470 through 3160 s CaO was added into the melt to produce the second composition. From 3160 through 4460 s, molten pool homogenization was carried out. During the same period, the pool depth and bottom crust thickness were measured and found to be 45 and 7 mm, respectively. At 4470 s, the third melt sample was taken and then Tliq measured. At 4765 s, the HF heating was cut off and the ingot was crystallized and chilled in nitrogen.
The history of the melt surface temperature (Tmel), and of the voltage (Ua) is shown in Fig. 3.2.

Fig. 3.2. -History of the anode voltage (Ua)
and pyrometer readings (Tmel) in PRS6



PRS10

The chosen charge composition was close to the eutectic determined by SEM/EDX analysis of the ingot from PRS4. After the start-up heating and molten pool formation, its surface temperature was ~2400C. This temperature was sufficiently higher than the supposed Tliq of the melt, so power in the melt was decreased. At Tmel 2100С, the pool depth and bottom crust thickness were measured at 1450 s and found to be 62 and 8 mm, respectively. At 2080 s, the first melt sample was taken, however, the maximum possible shift of the crucible from the inductor did not cause crust formation at the melt surface, thus indicating a significant melt superheating above Tliq. In this relation, power in the melt was further decreased, and when the surface temperature reached ~ 2030°C melt was sampled again at 2400 s and the crucible was maximally shifted relative to the inductor. However, again there was no crust at the surface. The further reduction of power could lead to melt crystallization, therefore it was decided to form a crust by a short-term switching off of the HF heating. At 3000 s, the pool depth and bottom crust thickness were measured again and found to be 46 and 17 mm, respectively. Thus, a part of the initially loaded composition has crystallized by this moment. Later on, the third and fourth melt samples were taken at 3080 and 3340 s and Tliq measured after that. At 4260 s, the pulling of the ingot out of the inductor was initiated at about 8 mm/h and lasted for two hours. Then, the HF heating was switched off and ingot chilled in nitrogen.

The history of the melt surface temperature (Tmel) and of the voltage (Ua) is shown in Fig. 3.3.


Fig. 3.3. -History of the anode voltage (Ua)
and pyrometer readings (Tmel) in PRS10

PRS11

Like in PRS10, the charge composition was chosen close to the eutectic, presumably on the side of CaO primary crystallization.
After the start-up heating and molten pool formation, its surface temperature was ~2500C. Such a temperature, like in PRS10, was significantly above the supposed Tliq of the melt, therefore power in the melt was decreased. When the melt surface temperature reached 2250°С, the pool depth and bottom crust thickness were measured at 2500 s and found to be 46 and 15 mm, respectively. By shifting the crucible relative to the inductor, it position corresponding to crusts formation at the melt surface was fixed, and then melt was sampled at 2800, 3200 and 3800 s and Tliq measured. It should be noted that at 3200 s melt was sampled by two, and at 3800 s – by three samplers, as the sample quantity on one sampler was insufficient for a complex of physicochemical analyses of the composition. At 4829 s, the pulling of the ingot out of the inductor was initiated at about 8 mm/h and lasted within 2.4 h. Then, the HF heating was switched off and the ingot chilled in nitrogen.
The history of the melt surface temperature (Tmel) and of the voltage (Ua) is shown in Fig. 3.4.

Fig. 3.4.- History of the anode voltage (Ua) and pyrometer readings (Tmel) in PRS11

PRS12

The start-up heating, molten pool formation and its homogenization were carried out from 0 through 2000 s. During the same period, the pool depth and bottom crust thickness were measured and found to be 42 and 5 mm, respectively. The melt surface temperature was 2625С. At 2250 s, the crucible was shifted relative to the inductor and the position when crusts form at the melt surface was fixed. After that, melt was sampled at 2450, 2820 and 3120 s and Tliq measured. Then, UO2 was added into the melt during 3400-4144 s in order to produce the second composition. From 4144 through 4800 s, molten pool homogenization was carried out. At the same time, the pool depth and bottom crust thickness were measured and found to be 48 and 5 mm, respectively. The melt surface temperature was 2700C. At 4430, 4710 and 5010 s, the fourth, fifth, and sixth melt samples were taken, and Tliq measured. The HF heating was switched off at 4765 s and the ingot was crystallized and chilled in nitrogen.
The history of the melt surface temperature (Tmel) and of the voltage (Ua) is shown in Fig. 3.5.

Fig. 3.5. - History of the anode voltage (Ua) and pyrometer readings (Tmel) in PRS12

[bookmark: _Toc106611084][bookmark: _Toc230073969][bookmark: _Toc230074113][bookmark: _Toc230159189][bookmark: _Toc267403733][bookmark: _Toc320884667][bookmark: _Toc343073966]3.4. Posttest analyses
[bookmark: _Toc230073972][bookmark: _Toc230074116][bookmark: _Toc230159192][bookmark: _Toc267403736][bookmark: _Toc320884668]3.4.1. 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 PRS4, 6, 10-12 are summarized in Tab. 3.3.

Table 3.3. – Material balances from PRS4, 6, 10-12
	Test
	Introduced into the melt, g
	Gathered, g

	PRS4
	UO2
	325.54
	Ingot
	321.00

	
	CaO
	68.78
	Melt samples
	9.27

	
	U
	5.00
	Rod sample
	3.65

	
	
	
	Aerosols
	6.26

	
	
	
	Crust above the melt
	40.10

	
	
	
	Dry spillages1)
	19.54

	
	Σ
	399.32
	Σ
	399.82

	
	Debalance
	+0.50 (0.13%)

	PRS6
	UO2
	255.30
	Ingot
	632.80

	
	CaO
	458.10
	Melt samples
	10.90

	
	U
	10.00
	Rod sample
	4.80

	
	
	
	Aerosols
	16.00

	
	
	
	Crust above the melt
	38.20

	
	
	
	Dry spillages1)
	22.00

	
	Σ
	723.40
	Σ
	724.70

	
	Debalance
	+1.30 (0.18%)

	PRS10
	UO2
	287.32
	Ingot
	302.08

	
	СаO
	107.24
	Melt samples
	8.54

	
	U
	5.00
	Rod sample
	11.76

	
	
	
	Aerosols
	0.92

	
	
	
	Crust above the melt
	46.78

	
	
	
	Dry spillages1)
	28.98

	
	Σ
	399.56
	Σ
	399.06

	
	Debalance
	-0.50 (0.13%)

	PRS11
	UO2
	230.08
	Ingot
	267.13

	
	CaO
	114.24
	Melt samples
	12.36

	
	U
	5.00
	Rod sample
	4.90

	
	
	
	Aerosols
	4.81

	
	
	
	Crust above the melt
	42.78

	
	
	
	Dry spillages1)
	17.97

	
	Σ
	349.32
	Σ
	349.95

	
	Debalance
	+0.63 (0.18%)

	PRS12
	UO2
	301.63
	Ingot
	302.56

	
	CaO
	42.70
	Melt samples
	48.24

	
	U
	5.00
	Rod sample
	66.07

	
	Added (UO2)
	170.73
	Aerosols
	8.51

	
	
	
	Crust above the melt
	68.25

	
	
	
	Dry spillages1)
	28.22

	
	Σ
	520.06
	Σ
	521.85

	
	Debalance
	+1.79 (0.34%)


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

It is obvious from Tab. 3.3 that from 11 up to 20 % (see masses of aerosols, crusts above the melt and dry spillages) of the mass was not included into the melting, therefore melt sample compositions can insignificantly differ from that of the initial charge from one test to another.

[bookmark: _Toc230073973][bookmark: _Toc230074117][bookmark: _Toc230159193][bookmark: _Toc267403737][bookmark: _Toc320884669]3.4.2. Chemical analysis

Samples for chemical analysis were taken from the fused products from PRS4, 6, 10-12. The samples were crushed down into particles below 500 µm, then quartered and ground into particles below 50 µm. The processed samples were checked for the content of Utotal. The samples were prepared in argon.
Then, the prepared samples weighing 0.1-0.5 g were fused with (3.0±0.5) g potassium pyrosulphate at (900±25)ºС to produce a transparent fusion cake that was then dissolved at heating in 200-250 ml 1М solution of sulfuric acid. After that, Utotal was determined by spectrophotometry in presence of arsenazo III [17, 18].
Tabs. 3.4-3.8 present the results of the fused products chemical analysis and elemental material balance from PRS4, 6, 10-12 recalculated into oxides. Only the content of U was determined chemically; the result was then recalculated into UO2 and CaO was calculated from the residue.

Table 3.4. – Chemical analysis data on the fused products from PRS4
	Item
	Content, mass %
	Mass, g
	Mass, g

	
	UO2
	CaO1)
	
	UO2
	CaO

	Melt sample #1
	82.69
	17.31
	1.97
	1.63
	0.34

	Melt sample #2
	82.83
	17.17
	7.3
	6.05
	1.25

	Rod sample
	81.11
	18.89
	3.65
	2.96
	0.69

	Crust above the melt
	87.77
	12.23
	40.1
	35.20
	4.90

	Dry spillages2)
	74.20
	25.80
	19.54
	14.50
	5.04

	Aerosols from crucible sections
	73.31
	26.69
	3.64
	2.67
	0.97

	Aerosols from the quartz tube
	73.23
	26.77
	0.45
	0.33
	0.12

	Aerosols from LAF
	68.64
	31.36
	2.17
	1.49
	0.68

	Total, g
	64.82
	14.00

	Introduced, g
	331.21
	68.78

	Calculated ingot composition, mass, g/mass %
	266.39
82.94
	54.78
17.06


Notes:
1) – calculated from the residue.
2) “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly.

The ingot from PRS4 was not analyzed, so Tab. 3.4 contains only the calculated composition of the oxidic ingot.

Table 3.5.– Chemical analysis data on the fused products from PRS6
	Item
	Content, mass %
	Mass, g
	Mass, g

	
	UO2
	CaO1)
	
	UO2
	CaO

	Melt sample #1
	63.15
	36.85
	2.52
	1.58
	0.92

	Melt sample #2
	62.91
	37.09
	1.79
	1.13
	0.67

	Melt sample #3
	50.30
	49.70
	6.63
	3.32
	3.28

	Ingot 
	37.10
	62.90
	632.8
	234.76
	398.04

	Rod sample
	57.27
	42.73
	4.8
	2.75
	2.05

	Crust above the melt
	26.32
	73.68
	38.2
	10.06
	28.14

	Dry spillages2)
	29.94
	70.06
	22.03
	6.59
	15.41

	Aerosols from the quartz tube
	41.08
	58.92
	7.08
	2.92
	4.18

	Aerosols from LAF
	40.98
	59.02
	8.88
	3.65
	5.25

	Total, g
	266.74
	457.96

	Introduced, g
	266.64
	458.10

	Debalance, g
	+0.10
	-0.14


Notes:
1) – calculated from the residue.
2) “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly.

It is obvious from the mass balance from PRS6 that the urania debalance is +0.10 g, and the CaO debalance is –0.14 g, which is less than 0.1 % of the charge mass.
Prior to the chemical analysis, the oxidic ingot from PRS10 was cut along the axis and an average sample was prepared from one half of the ingot, while the second one was used for preparing a template for the SEM/EDX analysis.
When composing the elemental material balance, the following assumptions were made:
1. The aerosols collected during the test consist of urania.
2. The rod sample composition corresponds to that of melt sample #1.
3. The content of CaO in samples was calculated from the residue.

Table 3.6. -Chemical analysis data on corium samples, and the elemental material balance for PRS10
	Item
	Content, mass %
	Mass, g
	Mass, g

	
	UO2
	CaO1)
	
	UO2
	CaO

	Melt sample #1
	74.16
	25.84
	2.43
	1.80
	0.63

	Melt sample #2
	72.60
	27.40
	2.04
	1.48
	0.56

	Melt sample #3
	73.60
	26.40
	2.13
	1.57
	0.56

	Melt sample #4
	71.55
	28.45
	1.95
	1.40
	0.55

	Crust above the melt
	66.93
	33.07
	46.78
	31.31
	15.47

	Ingot
	73.04
	26.96
	302.08
	220.64
	81.44

	Dry spillages2) 
	73.21
	26.79
	28.98
	21.22
	7.77

	Aerosols
	100
	-
	0.92
	0.92
	-

	Rod sample
	74.16
	25.84
	11.76
	8.72
	3.04

	Gathered, g
	289.05
	110.03

	Introduced, g
	292.99
	107.24

	Debalance, g
	-3.94
	+2.79


Notes:
1) - calculated from the residue;
2) “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly.

It is obvious from the mass balance from PRS10 that the urania debalance is –3.94 g and the CaO debalance is +2.79 g, which make 1.34 and 2.6 % of the introduced quantities and are mostly determined by the procedural error, which does not exceed 5 relative % for uranium.
Prior to the chemical analysis, the oxidic ingot from PRS11 was cut along the axis and an average sample was prepared from one half of the ingot, while the second one was used for preparing a template for the SEM/EDX analysis.

Table 3.7. -Chemical analysis data on corium samples, and the elemental material balance for PRS11
	Item
	Content, mass %
	Mass, g
	Mass, g

	
	UO2
	CaO1)
	
	UO2
	CaO

	Melt sample #1
	67.88
	32.12
	4.81
	3.27
	1.54

	Melt sample #2
	67.46
	32.54
	3.20
	2.16
	1.04

	Melt sample #3
	68.18
	31.82
	4.35
	2.97
	1.38

	Rod sample
	65.75
	34.25
	4.90
	3.22
	1.68

	Crust above the melt
	65.04
	34.96
	42.78
	27.82
	14.96

	Dry spillages2)
	50.07
	49.93
	17.97
	9.00
	8.97

	Aerosols3)
	33.49
	66.51
	4.81
	1.61
	3.20

	Ingot
	67.27
	32.73
	267.13
	179.7
	87.43

	Gathered, g
	229.74
	120.21

	Introduced, g
	235.75
	114.24

	Debalance, g
	-6.01
	+5.97


Notes:
1) - calculated from the residue;
2) “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly;
3) – the analyzed aerosols were collected from LAF and their composition was extrapolated onto all aerosols from this test.

The urania debalance is –6.01 g, which is 2.5 % of the introduced quantity.

Table 3.8. -Chemical analysis data on corium samples and elemental material balance for PRS12
	Item
	Content, mass %
	Mass, g
	Mass, g

	
	UO2
	CaO1)
	
	UO2
	CaO

	Melt sample #1
	86.6
	13.4
	4.85
	4.20
	0.65

	Melt sample #2
	84.08
	15.92
	6.43
	5.41
	1.02

	Melt sample #3
	87.52
	12.48
	6.94
	6.07
	0.87

	Melt sample #4
	92.39
	7.61
	16.7
	15.43
	1.27

	Melt sample #5
	89.86
	10.14
	9.32
	8.37
	0.95

	Melt sample #6
	89.54
	10.46
	4
	3.58
	0.42

	Rod sample
	91.37
	8.63
	66.07
	60.37
	5.7

	Aerosols2)
	92.25
	7.75
	8.51
	7.85
	0.66

	Crust above the melt
	89.29
	10.71
	68.25
	60.94
	7.31

	Dry spillages3)
	88.22
	11.78
	28.22
	24.9
	3.32

	Ingot
	92.52
	7.48
	302.56
	279.92
	22.64

	Gathered, g
	477.05
	44.80

	Introduced, g
	478.03
	42.70

	Debalance, g
	-0.98
	+2.10


Notes:
1) - calculated from the residue;
2) – the analyzed aerosols were collected from LAF and their composition was extrapolated onto all aerosols from this test;
3) “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly.

The urania debalance is –0.98 g, which is 0.2 % of the introduced quantity.

[bookmark: _Toc267403738][bookmark: _Toc320884670]3.4.3. The X-ray fluorescence analysis (XRF)

The elemental composition of the fused products was determined by the XRF method using the SPECTROSCAN MAX-GV [19].
To produce melt samples from PRS4, 6, 10-12 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.
Tabs. 3.9-3.13 present the XRF data on corium samples from PRS4, 6, 10-12, as well as the elemental material balance from PRS6, 10-12 recalculated into oxides.

Table 3.9. –XRF data for melt samples from PRS4
	Item
	Content, mass %

	
	UO2
	CaO

	Melt sample #1
	82.71
	17.29

	Melt sample #2
	82.96
	17.04



Table 3.10. – XRF data on corium samples and the elemental material balance from PRS6
	Item
	Content, mass %
	Mass, g
	Mass, g

	
	UO2
	CaO
	
	UO2
	CaO

	Melt sample #1
	63.3
	36.7
	2.52
	1.58
	0.92

	Melt sample #2
	63.1
	36.9
	1.79
	1.14
	0.66

	Melt sample #3
	50.4
	49.6
	6.63
	3.33
	3.27

	Ingot
	36.9
	63.1
	632.8
	233.50
	399.30

	Rod sample
	57.3
	42.7
	4.8
	2.75
	2.05

	Crust above the melt
	26.9
	73.1
	38.2
	10.28
	27.92

	Dry spillages1)
	35.0
	65.0
	22.03
	7.70
	14.30

	Aerosols from the quartz tube
	43.4
	56.6
	7.08
	3.08
	4.02

	Aerosols from LAF
	41.8
	58.2
	8.88
	3.72
	5.18

	Total, g
	267.07
	457.63

	Introduced, g
	266.64
	458.10

	Debalance, g
	+0.43
	-0.47


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

It is obvious from the mass balance from PRS6 that the urania debalance is+0.43 g and the CaO debalance is –0.47 g, which make less than 0.2 % of the introduced quantities.
When composing the elemental material balance for PRS10, the following assumptions were made:
1. The aerosols collected during the test consist of urania.
2. The rod sample composition corresponds to that of melt sample #1.

Table 3.11. -XRF data on corium samples and the elemental material balance from PRS10
	Item
	Content, mass %
	Mass, g
	Mass, g

	
	UO2
	CaO
	
	UO2
	CaO

	Melt sample #1
	73.61
	26.39
	2.43
	1.79
	0.64

	Melt sample #2
	71.04
	28.96
	2.04
	1.45
	0.59

	Melt sample #3
	70.60
	29.40
	2.13
	1.50
	0.63

	Melt sample #4
	70.14
	29.86
	1.95
	1.37
	0.58

	Crust above the melt
	68.98
	31.02
	46.78
	32.27
	14.51

	Ingot
	72.11
	27.89
	302.08
	217.83
	84.25

	Dry spillages1)
	73.21
	26.79
	28.98
	21.22
	7.77

	Aerosols2)
	100
	-
	0.92
	0.92
	-

	Rod sample
	70.51
	29.49
	11.76
	8.29
	3.47

	Gathered, g
	286.64
	112.44

	Introduced, g
	292.99
	107.24

	Debalance, g
	-6.35
	+5.20


Notes:
2) “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly.
3) – the analyzed aerosols were collected from LAF and their composition was extrapolated onto all aerosols from this test.

It is obvious from the mass balance from PRS10 that the urania debalance is –6.35 g and the CaO debalance is +5.20 g, which make 2.17 and 4.85 % of the introduced quantities and are explained mainly by the procedural error that does not exceed 5 relative % for U and Са.

Table 3.12. -XRF data on corium samples and the elemental material balance from PRS11
	Item
	Content, mass %
	Mass, g
	Mass, g

	
	UO2
	CaO
	
	UO2
	CaO

	Melt sample #1
	69.38
	30.62
	4.81
	3.34
	1.47

	Melt sample #2
	70.25
	29.75
	3.2
	2.25
	0.95

	Melt sample #3
	71.72
	28.28
	4.35
	3.12
	1.23

	Rod sample
	76.8
	23.2
	4.9
	3.76
	1.14

	Crust above the melt
	70.29
	29.71
	42.78
	30.07
	12.71

	Dry spillages1)
	38.42
	61.58
	17.97
	6.9
	11.07

	Aerosols2)
	46.9
	53.1
	4.81
	2.26
	2.55

	Ingot
	68.69
	31.31
	267.13
	183.49
	83.64

	Gathered, g
	235.18
	114.77

	Introduced, g
	235.75
	114.24

	Debalance, g
	-0.57
	+0.53


Notes: 1) “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly; 2) The analyzed aerosols were collected from LAF and their composition was extrapolated onto all aerosols from this test.

The urania debalance is –0.57 g and the CaO debalance is +0.53 g, which do not exceed 0.3 and 0.5 % of the introduced quantity.
Table 3.13. -XRF data on corium samples and the elemental material balance from PRS12
	Item
	Content, mass %
	Mass, g
	Mass, g

	
	UO2
	CaO
	
	UO2
	CaO

	Melt sample #1
	85.49
	14.51
	4.85
	4.15
	0.70

	Melt sample #2
	86.12
	13.88
	6.43
	5.54
	0.89

	Melt sample #3
	85.53
	14.47
	6.94
	5.94
	1.00

	Melt sample #4
	91.93
	8.07
	16.70
	15.35
	1.35

	Melt sample #5
	91.86
	8.14
	9.32
	8.56
	0.76

	Melt sample #6
	91.32
	8.68
	4.00
	3.65
	0.35

	Rod sample
	93.22
	6.78
	66.07
	61.59
	4.48

	Aerosols1)
	92.25
	7.75
	8.51
	7.85
	0.66

	Crust above the melt
	93.10
	6.90
	68.25
	63.54
	4.71

	Dry spillages2)
	78.09
	21.91
	28.22
	22.04
	6.18

	Ingot
	93.17
	6.84
	302.56
	281.88
	20.68

	Gathered, g
	480.09
	41.76

	Introduced, g
	478.03
	42.7

	Debalance, g
	+2.06
	-0.94


Notes:
1) – The analyzed aerosols were collected from LAF and their composition was extrapolated onto all aerosols from this test;
2) “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly.

The urania debalance is +2.06 g and the CaO debalance is –0.94 g, which is 0.4 and 2.2 % of the introduced quantity.

A comparison of the XRF-based elemental mass balance (Tabs. 3.10-3.13) with the chemical analysis based one (Tabs. 3.4-3.8) shows that the latter yields significantly smaller debalance values.

[bookmark: _Toc230073974][bookmark: _Toc230074118][bookmark: _Toc230159194][bookmark: _Toc267403739][bookmark: _Toc320884671]3.4.4. The results of SEM/EDX analysis of samples of the UO2–СаО system

The scanning electron microscopy (SEM) and the Energy-dispersive X-ray spectroscopy (EDX) were applied for determining microstructure and elemental composition of samples. The obtained results are presented below.
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. 3.6-3.71 and in Tabs. 3.14-3.69.

The data on samples and ingot from PRS4
Melt samples were quenched on molybdenum rods during Tliq measurements. The quenching was done from 2360°C of the melt. Polished sections were produced from the quenched flakes and subjected to the SEM/EDX analysis (see results in Fig. 3.6 and Tab. 3.14.) Microstructure of the samples is dendritic. The dendrite-forming phase is the UO2–based solid solution with the content of CaO up to 46 mol. % (see Fig. 3.6, points Р1, 2). The fine-crystal structure in the interdendrite space is apparently eutectic (see Fig. 3.6, points P3, 4). Also, the CaO-rich areas can be found quite rarely along the grain boundaries. Their size prohibits precise measurements. The surrounding phases get captured.


Fig. 3.6. -Micrographs of samples 1 and 2

Table 3.14. -EDX data on samples 1 and 2

	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	75.2
	24.8
	-

	
	mol. %
	38.6
	61.4
	

	SQ2
	mass %
	74.8
	25.2
	-

	
	mol. %
	38.1
	61.9
	

	SQ3
	mass %
	74.3
	25.7
	-

	
	mol. %
	37.5
	62.5
	

	SQ4
	mass %
	75.7
	24.3
	-

	
	mol. %
	39.2
	60.8
	

	P1
	mass %
	85.1
	14.9
	UO2(CaO)-based solid solution phase

	
	mol. %
	54.2
	45.8
	

	P2
	mass %
	84.9
	15.1
	

	
	mol. %
	53.9
	46.1
	

	P3
	mass %
	66.7
	33.3
	Eutectic crystallization zone

	
	mol. %
	29.3
	70.7
	

	P4
	mass %
	67.4
	32.6
	

	
	mol. %
	30.0
	70.0
	

	P5
	mass %
	55.8
	44.2
	Presumably CaO-based phase

	
	mol. %
	20.8
	79.2
	



The ingot axial cut with the regions marked for the SEM/EDX analysis is shown in Fig. 3.7. The PRS4 ingot data are presented in Figs. 3.8-3.18 and Tabs. 3.15-3.25.


Fig. 3.7. -A polished section from PRS4 with regions marked for the SEM/EDX analysis

Micrographs of peripheral regions of the ingot (regions 1, 5, 10, 13) demonstrate a monophase layer based on the UO2 solid solution (see Tabs. 3.15, 3.18, 3.22, point P1). This layer must have formed as a result of melt crystallization close to equilibrium. Region 13 of this layer is adjacent to the region of eutectic nucleus crystallization. Since the initial composition of the melt was close to eutectic, the upper part of the ingot after the prolonged ingot pulling out of the inductor was found to contain vast eutectic regions (see Figs. 5.10-5.13, region 13-19). Eutectic crystallization regions 16-18 in the upper part of the ingot were also found to contain a CaUO4-x compound (see Fig. 3.18, points P1, 2, 3). Also, a CaO-based phase was found in these regions (see Fig. 3.18, point P4), but could not be analyzed in terms of its composition by EDX due to its very small size. Composition of the analyzed zones and their microstructure prevent an unambiguous conclusion concerning these regions – if they represent a CaUO4-x compound, or a UO2(CaO) solid solution, an eutectic mixture of crystals of UO2(CaO)-based solid solution with CaO crystals, or a structure that appeared as a result of spinodal decomposition of a homogeneous phase Ca2UO4. Taking into account the eutectic nature of the remaining liquid crystallization, it is possible to accept the absence of stable chemical compounds in an inert medium near Tsol, as is supposed in [4]. However, the upper central regions of the ingot feature a phase that crystallized as two-petal needle-shaped crystals (see e.g., Fig. 3.17) with a composition that, according to EDX, corresponds to CaUO4‑x stoichiometry (Tab. 3.25). A solid solution-based phase that crystallized in peripheral regions of the ingot has a different nature of crystallization and composition (e.g., Fig. 3.15 and Tab. 3.22). These circumstances provide reasons to make statements about the presence of compounds in the system in question in an inert medium, and about the nature of the subsolidus domain that is more complex than described in [1-3].

Fig. 3.8. -Micrograph of region 1

Table 3.15. -EDX data on sample 1
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	85.6
	14.4
	UO2(CaO)-based solid solution phase

	
	mol. %
	55.3
	44.7
	

	SQ2
	mass %
	86.4
	13.6
	

	
	mol. %
	56.9
	43.1
	

	SQ3
	mass %
	86.4
	13.6
	

	
	mol. %
	56.9
	43.1
	

	P1
	mass %
	86.4
	13.6
	

	
	mol. %
	57.0
	43.1
	




Fig. 3.9.- Micrograph of region 2

Table 3.16. -EDX data on sample 2
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	70.9
	29.1
	-

	
	mol. %
	33.6
	66.4
	

	SQ2
	mass %
	70.8
	29.2
	-

	
	mol. %
	33.5
	66.5
	

	P1
	mass %
	88.2
	11.8
	UO2(CaO)-based solid solution phase

	
	mol. %
	60.9
	39.1
	

	P2
	mass %
	83.4
	16.6
	

	
	mol. %
	51.1
	48.9
	

	Р3
	mass %
	22.5
	77.5
	CaO-based phase

	
	mol. %
	5.7
	94.3
	




Fig. 3.10.- Micrographs of regions 3 and 4

Table 3.17. -EDX data on regions 3 and 4
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	79.0
	21.0
	-

	
	mol. %
	43.9
	56.1
	

	SQ2
	mass %
	65.3
	34.7
	Eutectic zone

	
	mol. %
	28.1
	71.9
	

	P1
	mass %
	86.3
	13.7
	UO2(CaO) solid solution (with capturing)

	
	mol. %
	56.7
	43.3
	

	P2
	mass %
	25.8
	74.2
	CaO-based phase (with capturing)

	
	mol. %
	6.7
	93.3
	





Fig. 3.11.- Micrographs of regions 5 and 6
Table 3.18. -EDX data on regions 5 and 6
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	81.3
	18.7
	-

	
	mol. %
	47.5
	52.5
	

	SQ2
	mass %
	66.4
	33.6
	Eutectic zone

	
	mol. %
	29.1
	70.9
	

	P1
	mass %
	86.0
	14.0
	UO2(CaO) solid solution

	
	mol. %
	56.0
	44.0
	




Fig. 3.12.- Micrographs of regions 7 - 10

Table 3.19. -EDX data on regions 7 - 10
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	70.3
	29.7
	Eutectic zone

	
	mol. %
	33.0
	67.0
	

	SQ2
	mass %
	70.4
	29.6
	

	
	mol. %
	33.1
	67.0
	

	P1
	mass %
	85.3
	14.7
	UO2(CaO) solid solution with captured CaO

	
	mol. %
	54.6
	45.4
	

	P2
	mass %
	53.3
	46.7
	CaO-based phase with captured ss

	
	mol. %
	19.2
	80.8
	





Fig. 3.13.- Micrograph of region 11

Table  3.20.- EDX data on region 11
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	67.1
	32.9
	Eutectic zone

	
	mol. %
	29.7
	70.3
	




Fig. 3.14.- Micrograph of region 12
Table 3.21. -EDX data on region 12
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	69.5
	30.5
	Eutectic zone

	
	mol. %
	32.2
	67.8
	

	P1
	mass %
	87.3
	12.7
	UO2(CaO) solid solution

	
	mol. %
	58.7
	41.3
	





Fig. 3.15. - Micrographs of region 13


Table 3.22. -EDX data on region 13
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	71.4
	28.6
	Eutectic zone

	
	mol. %
	34.2
	65.8
	

	P1
	mass %
	85.0
	15.0
	UO2(CaO) solid solution)

	
	mol. %
	54.1
	45.9
	

	P2
	mass %
	87.2
	12.8
	

	
	mol. %
	58.7
	41.3
	




Fig. 3.16.- Micrographs of regions 14 and 15

Table 3.23. -EDX data on regions 14 and 15
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	68.5
	31.5
	Eutectic zone

	
	mol. %
	31.1
	68.9
	

	SQ2
	mass %
	68.5
	31.5
	

	
	mol. %
	31.1
	68.9
	

	SQ3
	mass %
	69.0
	31.0
	

	
	mol. %
	31.6
	68.4
	

	P1
	mass %
	84.5
	15.5
	CaUO4-x

	
	mol. %
	53.1
	46.9
	





Fig. 3.17.- Micrographs of regions 16 and 17

Table 3.24. -EDX data on regions 16 and 17
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	66.3
	33.7
	Eutectic with CaUO4-x

	
	mol. %
	29.0
	71.0
	

	SQ2
	mass %
	67.6
	32.4
	

	
	mol. %
	30.2
	69.8
	

	SQ3
	mass %
	65.1
	34.9
	

	
	mol. %
	27.9
	72.1
	

	P1
	mass %
	25.7
	74.3
	CaO

	
	mol. %
	6.7
	93.3
	




Fig. 3.18.- Micrographs of regions 18 and 19

Table 3.25. -EDX data on regions 18 and 19
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	63.6
	36.4
	Eutectic with CaUO4-x

	
	mol. %
	26.6
	73.4
	

	SQ2
	mass %
	66.1
	33.9
	

	
	mol. %
	28.8
	71.2
	

	P1
	mass %
	82.8
	17.2
	CaUO4-x

	
	mol. %
	50.0
	50.0
	

	P2
	mass %
	82.6
	17.4
	

	
	mol. %
	49.6
	50.4
	

	P3
	mass %
	82.7
	17.3
	

	
	mol. %
	49.8
	50.2
	

	P4
	mass %
	15.0
	85.0
	CaO

	
	mol. %
	3.5
	96.5
	



Investigation of samples and ingot from PRS6

Like in PRS4, the polished sections produced from the quenched flakes were subjected to the SEM/EDX analysis (see results in Figs. 3.19-3.21 and Tabs. 3.26-3.28). The first and second melt samples were quenched from 2640°C and the third one from 2740°C. All samples had dendritic microstructure with dendrites represented by the CaO-based solid solution. The difference in UO2 content in the first and third samples is due to differences in melt composition (see experimental procedure in Sect. 3.3). The interdendrite space is filled with the Ca2UO4 compound (see Figs. 3.19-3.21, P1 point). The given microstructure can be interpreted as a result of quenching that brings the sample into the two-phase domain of the diagram, i.e., Ca2UO4 + CaO.

Fig. 3.19.- Micrograph of sample 1

Table 3.26. - EDX data on sample 1
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	50.1
	49.9
	-

	
	mol. %
	17.2
	82.8
	

	SQ2
	mass %
	50.0
	50.0
	-

	
	mol. %
	17.2
	82.8
	

	SQ3
	mass %
	51.3
	48.7
	-

	
	mol. %
	18.0
	82.0
	

	SQ4
	mass %
	51.7
	48.3
	-

	
	mol. %
	18.2
	81.8
	

	SQ5
	mass %
	54.3
	45.7
	-

	
	mol. %
	19.8
	80.2
	

	P1
	mass %
	66.3
	33.7
	Ca2UO4

	
	mol. %
	29.0
	71.0
	

	P2
	mass %
	6.0
	94.0
	CaO

	
	mol. %
	1.3
	98.7
	




Fig. 3.20.- Micrograph of sample 2

Table 3.27. - EDX data on sample 2
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	52.6
	47.4
	-

	
	mol. %
	18.7
	81.3
	

	SQ2
	mass %
	51.8
	48.2
	-

	
	mol. %
	18.2
	81.8
	

	P1
	mass %
	66.7
	33.3
	Ca2UO4

	
	mol. %
	29.4
	70.6
	

	P2
	mass %
	13.9
	86.1
	CaO

	
	mol. %
	3.2
	96.8
	




Fig. 3.21.- Micrograph of sample 3
Table 3.28. - EDX data on sample 3
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	39.7
	60.3
	-

	
	mol. %
	12.0
	88.0
	

	SQ2
	mass %
	38.9
	61.1
	-

	
	mol. %
	11.7
	88.3
	

	P1
	mass %
	63.8
	36.2
	[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Ca2UO4

	
	mol. %
	26.8
	73.2
	

	P2
	mass %
	2.1
	97.9
	CaO

	
	mol. %
	0.4
	99.6
	


The ingot axial cut with the regions marked for the SEM/EDX analysis is presented in Fig. 3.22. The analytical data on the ingot from PRS6 are summarized in Figs. 3.23-3.27 and Tabs. 3.29-3.33.

Fig. 3.22.-A polished section from PRS6 with regions marked for the SEM/EDX analysis
Micrographs of peripheral regions of the ingot (regions 4, 5, 6, 7) demonstrate a layer based on the CaO phase (a darker layer in micrographs). Micrograph of region 4 (see Fig. 3.25) shows clear boundary between a CaO phase-based solid layer and the melt that coexisted before the HF heating was switched off. It may be supposed that in the direction from the melt towards the cooled crucible wall the temperature was changing within the layer from 2580°С to 20°С. With such an isotherm, a darker region located closer to the melt can be identified in the micrograph within region of solid solution location, and the second zone with white veins of the second phase can be found further on with the decrease of the temperature. Such a microstructure shows that UO2 solubility in CaO decreases and leads in the subsolidus domain to the decomposition of the solid solution into CaO and Ca2UO4. Dendritic crystallization is found in all regions of the ingot where the melt crystallized after switching off of the HF heating.


Fig. 3.23. Micrographs of regions 1 и 2
Table 3.29. - EDX data on regions 1 and 2
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	37.0
	63.0
	-

	
	mol. %
	10.9
	89.1
	

	SQ2
	mass %
	36.7
	63.3
	-

	
	mol. %
	10.8
	89.3
	

	SQ3
	mass %
	38.4
	61.6
	-

	
	mol. %
	11.4
	88.6
	

	P1
	mass %
	66.4
	33.6
	Ca2UO4

	
	mol. %
	29.1
	70.9
	

	P2
	mass %
	67.1
	32.9
	

	
	mol. %
	29.8
	70.2
	

	P3
	mass %
	1.0
	99.0
	CaO

	
	mol. %
	0.2
	99.8
	

	P4
	mass %
	0.6
	99.4
	

	
	mol. %
	0.1
	99.9
	




Fig. 3.24.- Micrograph of region 3
Table 3.30. -EDX data on region 3
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	35.8
	64.2
	-

	
	mol. %
	10.4
	89.6
	

	SQ2
	mass %
	35.3
	64.7
	-

	
	mol. %
	10.2
	89.8
	

	P1
	mass %
	67.0
	33.0
	Ca2UO4

	
	mol. %
	29.6
	70.4
	

	P2
	mass %
	1.1
	98.9
	CaO

	
	mol. %
	0.2
	99.8
	




Fig. 3.25.- Micrograph of region 4
Table 3.31. -EDX data on region 4
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	37.0
	63.0
	-

	
	mol. %
	10.9
	89.1
	

	SQ2
	mass %
	10.1
	89.9
	-

	
	mol. %
	2.3
	97.7
	

	P1
	mass %
	66.6
	33.4
	Ca2UO4

	
	mol. %
	29.3
	70.7
	

	P2
	mass %
	66.6
	33.4
	

	
	mol. %
	29.3
	70.7
	

	P3
	mass %
	0.9
	99.1
	CaO

	
	mol. %
	0.2
	99.8
	

	P4
	mass %
	0.9
	99.1
	

	
	mol. %
	0.2
	99.8
	




Fig. 3.26.- Micrographs of regions 5 and 6

Table 3.32. -EDX data on regions 5 and 6
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	37.3
	62.7
	-

	
	mol. %
	11.0
	89.0
	

	SQ2
	mass %
	17.3
	82.7
	-

	
	mol. %
	4.2
	95.8
	




Fig. 3.27.- Micrographs of regions 7 and 8

Table 3.33. -EDX data on regions 7 and 8
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	9.1
	90.9
	-

	
	mol. %
	2.0
	98.0
	

	SQ2
	mass %
	34.7
	65.3
	-

	
	mol. %
	9.9
	90.1
	





Investigation of samples and ingot from PRS10

Like in PRS6, the polished sections produced from the quenched flakes were subjected to the SEM/EDX analysis (see results in Figs. 3.28-3.30 and Tabs. 3.34-3.36). The samples were quenched from the melt temperature of 2050°C. Microstructure of the first sample represents solid solution dendrites and needle-shaped crystals of CaUO4-x in the eutectically crystallized matrix. The dendrite represents a UO2–based solid solution with the content of CaO up to 49.9 mol. % (see Fig. 3.28, P7 point). The Ca:U ratio in the needle-shaped crystals is stoichiometric (1:1). Microstructure of the second sample is eutectic, with inclusions of the UO2–based solid solution and the content of CaO up to 45.2 mol. % (see Fig. 3.29, P13 point). Microstructure of this sample shows that composition of the melt is close to eutectic.

Fig. 3.28. - Micrographs of region 1

Table 3.34. - EDX data on sample 1
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	72.2
	27.8
	-

	
	mol. %
	35.0
	65.0
	

	P1
	mass %
	75.5
	24.5
	Eutectic

	
	mol. %
	39.0
	61.0
	

	P2
	mass %
	69.1
	30.9
	

	
	mol. %
	31.8
	68.2
	

	P3
	mass %
	69.7
	30.3
	

	
	mol. %
	32.3
	67.7
	

	P4
	mass %
	70.6
	29.4
	

	
	mol. %
	33.3
	66.7
	

	P5
	mass %
	81.8
	18.2
	CaUO4-х

	
	mol. %
	48.3
	51.7
	

	P6
	mass %
	79.5
	20.5
	

	
	mol. %
	44.7
	55.3
	

	P7
	mass %
	82.9
	17.1
	UO2(CaO) solid solution

	
	mol. %
	50.1
	49.9
	

	P8
	mass %
	68.4
	31.6
	Eutectic

	
	mol. %
	31.0
	69.0
	




Fig. 3.29. - Micrographs of region 2

Table 3.35. - EDX data on sample 2
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	72.8
	27.2
	-

	
	mol. %
	35.7
	64.3
	

	SQ2
	mass %
	72.8
	27.2
	-

	
	mol. %
	35.7
	64.3
	

	SQ3
	mass %
	71.9
	28.1
	-

	
	mol. %
	34.7
	65.3
	

	SQ4
	mass %
	70.3
	29.7
	-

	
	mol. %
	33.0
	67.0
	

	SQ5
	mass %
	71.0
	29.0
	-

	
	mol. %
	33.7
	66.3
	

	P1
	mass %
	66.5
	33.5
	Eutectic

	
	mol. %
	29.2
	70.8
	

	P2
	mass %
	70.1
	29.9
	

	
	mol. %
	32.7
	67.3
	

	P3
	mass %
	72.9
	27.1
	

	
	mol. %
	35.8
	64.2
	

	P4
	mass %
	72.5
	27.5
	

	
	mol. %
	35.4
	64.6
	

	P5
	mass %
	53.5
	46.5
	CaO
(capturing of the neighbouring phase)

	
	mol. %
	19.3
	80.7
	

	P6
	mass %
	57.5
	42.5
	

	
	mol. %
	22.0
	78.0
	

	P7
	mass %
	66.2
	33.8
	

	
	mol. %
	28.9
	71.1
	

	P8
	mass %
	69.4
	30.6
	Points from the eutectic region

	
	mol. %
	32.0
	68.0
	

	P9
	mass %
	70.1
	29.9
	

	
	mol. %
	32.7
	67.3
	

	P10
	mass %
	72.2
	27.8
	

	
	mol. %
	35.1
	64.9
	

	P11
	mass %
	72.3
	27.7
	

	
	mol. %
	35.2
	64.8
	

	P12
	mass %
	77.2
	22.8
	UO2(CaO) solid solution

	
	mol. %
	41.3
	58.7
	

	P13
	mass %
	85.4
	14.6
	

	
	mol. %
	54.8
	45.2
	

	P14
	mass %
	86.0
	14.0
	

	
	mol. %
	56.0
	44.0
	

	P15
	mass %
	70.3
	29.7
	Eutectic

	
	mol. %
	32.9
	67.1
	




Fig. 3.30. - Micrographs of samples 3 и 4

Table 3.36. -EDX data on samples 3 and 4
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	72.1
	27.9
	-

	
	mol. %
	34.9
	65.1
	

	SQ2
	mass %
	71.1
	28.9
	-

	
	mol. %
	33.9
	66.1
	

	P1
	mass %
	73.4
	26.6
	Eutectic

	
	mol. %
	36.4
	63.6
	

	P2
	mass %
	70.4
	29.6
	

	
	mol. %
	33.0
	67.0
	

	P3
	mass %
	84.9
	15.1
	UO2(CaO) solid solution

	
	mol. %
	53.8
	46.2
	



The axial cut of the ingot with regions marked for the SEM/EDX analysis is shown in Fig. 3.31. The analytical data on the ingot from PRS10 are presented in Figs. 3.32-3.46 and Tabs. 3.37-3.47.
A micrograph of the peripheral region of the ingot (region 18, Fig. 3.46) demonstrates growth of the cellular structure of the UO2–based solid solution (Tab. 3.47, P3 point). This layer has apparently formed as a result of melt crystallization that was close to equilibrium. In the same region, solid solution inclusions (Tab. 3.47, points P1, 2) surrounded with eutectic phase can be observed (Tab. 3.47, points P4, 5). Vast eutectic regions can be observed in all areas of the ingot upper part. Like in PRS4, the eutectic was found to coexist with the needle-shaped phase which is stoichiometrically close to CaUO4-x (see regions 2, 8, 9, 12, Table 3.38, points P1, 2), as well as the CaO-based solid solution with a small content of UO2 (see Fig. 3.41, region 12, P7 point). It should be noted that the type and composition of the eutectic crystallization zones differed from those observed in PRS4 (Figs. 3.37 and 3.38). Supposedly, it is a eutectic or the eutectoid transformation in the two-phase region between CaO and CaUO4. This is corroborated by morphology of the present eutectic which is genetically close to morphology of the CaUO4-х phase. However, the texturing effect cannot be ruled out, as the eutectic growth is directional in the considered zones. Tab. 3.46 offers statistics on the eutectic composition from region 17.


Fig. 3.31. –Polished section from the upper part of the ingot axial cut from PRS10 with regions marked for the SEM/EDX analysis


Fig. 3.32. - Micrographs of region 1

Table 3.37. - EDX data on region 1
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	85.5
	14.5
	UO2(CaO) solid solution layer

	
	mol. %
	55.1
	44.9
	

	SQ2
	mass %
	75.6
	24.4
	‘Rain’-type eutectic

	
	mol. %
	39.1
	60.9
	

	SQ3
	mass %
	74.9
	25.1
	

	
	mol. %
	38.2
	61.8
	

	P1
	mass %
	85.8
	14.2
	UO2(CaO) solid solution

	
	mol. %
	55.7
	44.3
	




Fig. 3.33. - Micrographs of region 2


Fig. 3.34. –Concentration profile along the line marked in Fig. 3.33

Table 3.38. -EDX data on region 2

	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	69.6
	30.4
	-

	
	mol. %
	32.2
	67.8
	

	SQ2
	mass %
	69.9
	30.1
	Eutectic

	
	mol. %
	32.5
	67.5
	

	SQ3
	mass %
	68.8
	31.2
	

	
	mol. %
	31.4
	68.6
	

	SQ4
	mass %
	68.9
	31.1
	

	
	mol. %
	31.6
	68.4
	

	P1
	mass %
	84.0
	16.0
	CaUO4-x

	
	mol. %
	52.2
	47.8
	

	P2
	mass %
	83.7
	16.3
	

	
	mol. %
	51.6
	48.4
	

	P3
	mass %
	76.3
	23.7
	Presumably CaO

	
	mol. %
	40.0
	60.0
	





Fig. 3.35.- Micrograph of region 3



Fig. 3.36.- Micrographs of regions 4 and 4


Fig. 3.37.- Micrograph of region 6


Table 3.39. -EDX data on region 6
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	75.1
	24.9
	‘Rain’-type eutectic

	
	mol. %
	38.6
	61.4
	

	SQ2
	mass %
	75.5
	24.5
	

	
	mol. %
	39.1
	60.9
	

	SQ3
	mass %
	75.5
	24.5
	

	
	mol. %
	39.0
	61.0
	

	SQ4
	mass %
	74.0
	26.0
	

	
	mol. %
	37.1
	62.9
	

	SQ5
	mass %
	75.9
	24.1
	

	
	mol. %
	39.5
	60.5
	




Fig. 3.38.- Micrograph of region 7

Table 3.40. -EDX data on region 7
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	76.3
	23.7
	‘Rain’-type eutectic

	
	mol. %
	40.1
	59.9
	





Fig. 3.39.- Micrographs of regions 8 and 10

Table 3.41. -EDX data on region 8
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	68.2
	31.8
	-

	
	mol. %
	30.8
	69.2
	




Fig. 3.40.- Micrograph of region 11


Fig. 3.41.- Micrographs of regions 12 and 13

Table 3.42. -EDX data on regions 12 and 13
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	69.2
	30.8
	Eutectic

	
	mol. %
	31.8
	68.2
	

	SQ2
	mass %
	69.3
	30.7
	

	
	mol. %
	31.9
	68.1
	

	P1
	mass %
	82.3
	17.7
	CaUO4-x

	
	mol. %
	49.2
	50.8
	

	P2
	mass %
	82.1
	17.9
	

	
	mol. %
	48.8
	51.2
	

	P3
	mass %
	68.8
	31.2
	Ca2UO4

	
	mol. %
	31.4
	68.6
	

	P4
	mass %
	75.9
	24.1
	

	
	mol. %
	39.5
	60.5
	

	P5
	mass %
	84.5
	15.5
	UO2(CaO) solid solution

	
	mol. %
	53.1
	46.9
	

	P6
	mass %
	84.3
	15.7
	

	
	mol. %
	52.7
	47.3
	

	P7
	mass %
	8.4
	91.6
	CaO

	
	mol. %
	1.9
	98.1
	




Fig. 3.42.- Micrograph of region 14

Table 3.43. -EDX data on region 14
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	64.5
	35.5
	-

	
	mol. %
	27.4
	72.6
	

	SQ2
	mass %
	72.9
	27.1
	Eutectic

	
	mol. %
	35.8
	64.2
	




Fig. 3.43.- Micrograph of region 15

Table 3.44. -EDX data on region 15

	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	67.9
	32.1
	Eutectic

	
	mol. %
	30.5
	69.5
	

	SQ2
	mass %
	71.4
	28.7
	

	
	mol. %
	34.1
	65.9
	

	SQ3
	mass %
	71.3
	28.7
	

	
	mol. %
	34.0
	66.0
	




Fig. 3.44.- Micrograph of region 16


Fig. 3.45.- Micrograph of region 17



Table 3.45. -EDX data on region 17
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	66.9
	33.1
	For a large area

	
	mol. %
	29.6
	70.4
	

	SQ2
	mass %
	66.8
	33.2
	Point-type eutectic

	
	mol. %
	29.4
	70.6
	

	SQ3
	mass %
	65.4
	34.6
	

	
	mol. %
	28.2
	71.8
	

	SQ4
	mass %
	70.7
	29.3
	

	
	mol. %
	33.4
	66.6
	

	SQ5
	mass %
	70.0
	30.0
	Eutectic

	
	mol. %
	32.6
	67.4
	

	SQ6
	mass %
	70.0
	30.0
	

	
	mol. %
	32.6
	67.4
	

	SQ7
	mass %
	70.1
	29.9
	

	
	mol. %
	32.7
	67.3
	

	SQ8
	mass %
	69.2
	30.8
	

	
	mol. %
	31.8
	68.2
	

	SQ9
	mass %
	69.6
	30.4
	

	
	mol. %
	32.2
	67.8
	

	SQ10
	mass %
	67.6
	32.4
	

	
	mol. %
	30.3
	69.7
	

	SQ11
	mass %
	71.2
	28.8
	

	
	mol. %
	33.8
	66.2
	



Table 3.46. –Statistics on areas with a high content of the point-type eutectic
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	68.8
	31.2
	Bulk composition

	
	mol. %
	31.4
	68.6
	

	SQ2
	mass %
	69.3
	30.7
	

	
	mol. %
	31.9
	68.1
	

	SQ3
	mass %
	69.0
	31.0
	

	
	mol. %
	31.6
	68.4
	

	SQ4
	mass %
	68.6
	31.4
	

	
	mol. %
	31.2
	68.8
	

	SQ5
	mass %
	69.8
	30.2
	

	
	mol. %
	32.4
	67.6
	

	SQ6
	mass %
	68.9
	31.1
	

	
	mol. %
	31.5
	68.5
	

	SQ7
	mass %
	69.9
	30.1
	

	
	mol. %
	32.5
	67.5
	

	SQ8
	mass %
	69.1
	30.9
	

	
	mol. %
	31.8
	68.2
	

	SQ9
	mass %
	71.7
	28.3
	Point-type eutectic

	
	mol. %
	34.5
	65.5
	




Fig. 3.46. - Micrographs of region 18

Table 3.47. -EDX data on region 18
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	69.1
	30.9
	Eutectic

	
	mol. %
	31.7
	68.3
	

	SQ2
	mass %
	71.0
	29.0
	

	
	mol. %
	33.7
	66.3
	

	SQ3
	mass %
	73.7
	26.3
	

	
	mol. %
	36.7
	63.3
	

	P1
	mass %
	88.2
	11.8
	UO2(CaO) solid solution

	
	mol. %
	60.9
	39.1
	

	P2
	mass %
	86.4
	13.6
	

	
	mol. %
	56.9
	43.1
	

	P3
	mass %
	87.1
	12.9
	

	
	mol. %
	58.5
	41.5
	

	P4
	mass %
	70.2
	29.8
	Eutectic

	
	mol. %
	32.9
	67.1
	

	P5
	mass %
	72.5
	27.5
	

	
	mol. %
	35.4
	64.7
	




Investigation of samples and ingot from PRS11

Like in PRS10, the polished sections produced from the quenched flakes were subjected to the SEM/EDX analysis (see results in Figs. 3.47-3.52 and Tabs. 3.48-3.53). The samples were quenched from the melt temperature of 2240 C. In contrast to samples from PRS10, those from PRS11 showed both wide zones with eutectic crystallization and homogeneous zones with a composition that corresponds to Ca2UO4. The homogeneous zones include small quantities of inclusions of lighter colour – presumably the UO2(CaO)-based solid solution.


Fig. 3.47. -Micrographs of regions of sample 1

Table 3.48. - EDX data on sample 1
	#
	U
	Ca
	O
	UO2
	CaO
	Phase

	SQ1
	mass %
	60.2
	19.0
	20.7
	72.0
	28.0
	Eutectic crystallization zone

	
	mol. %
	12.5
	23.5
	64.0
	34.8
	65.2
	

	SQ2
	mass %
	61.5
	19.2
	19.3
	72.3
	27.7
	

	
	mol. %
	13.3
	24.6
	62.1
	35.1
	64.9
	

	SQ3
	mass %
	61.4
	19.3
	19.3
	72.1
	27.9
	

	
	mol. %
	13.3
	24.7
	62.0
	34.9
	65.1
	

	SQ4
	mass %
	61.4
	19.3
	19.3
	72.1
	27.9
	

	
	mol. %
	13.3
	24.7
	62.0
	34.9
	65.1
	

	SQ5
	mass %
	58.3
	20.6
	21.1
	69.7
	30.4
	Homogeneous structure

	
	mol. %
	11.8
	24.7
	63.5
	32.3
	67.7
	

	SQ6
	mass %
	60.0
	18.5
	21.4
	72.4
	27.6
	Decay structure

	
	mol. %
	12.3
	22.5
	65.2
	35.3
	64.7
	

	SQ7
	mass %
	59.5
	20.8
	19.7
	69.9
	30.1
	Homogeneous structure

	
	mol. %
	12.5
	25.9
	61.6
	32.5
	67.5
	

	SQ8
	mass %
	59.6
	20.6
	19.8
	70.1
	29.9
	

	
	mol. %
	12.5
	25.7
	61.8
	32.8
	67.2
	

	P1
	mass %
	64.8
	15.9
	19.3
	76.8
	23.2
	CaUO4-x

	
	mol. %
	14.5
	21.1
	64.4
	40.8
	59.2
	

	P2
	mass %
	59.8
	20.8
	19.4
	70.0
	30.0
	Ca2UO4

	
	mol. %
	12.7
	26.2
	61.1
	32.6
	67.4
	

	P3
	mass %
	59.6
	19.3
	21.1
	71.5
	28.5
	Mixture of phases

	
	mol. %
	12.2
	23.5
	64.3
	34.2
	65.8
	




Fig. 3.48. - Micrographs of regions of sample 2

Table 3.49. -EDX data on sample 2
	#
	U
	Ca
	O
	UO2
	CaO
	Phase

	SQ1
	mass %
	60.5
	19.5
	20.0
	71.5
	28.5
	Eutectic crystallization zone

	
	mol. %
	12.8
	24.4
	62.8
	34.3
	65.7
	

	SQ2
	mass %
	60.4
	19.1
	20.5
	72.0
	28.0
	

	
	mol. %
	12.6
	23.7
	63.7
	34.8
	65.2
	

	SQ3
	mass %
	59.2
	20.3
	20.5
	70.3
	29.7
	Homogeneous structure

	
	mol. %
	12.2
	24.8
	63.0
	33.0
	67.0
	

	SQ4
	mass %
	60.3
	20.4
	19.2
	70.6
	29.4
	

	
	mol. %
	12.9
	25.9
	61.2
	33.2
	66.8
	

	P1
	mass %
	60.1
	21.1
	18.8
	69.7
	30.3
	Ca2UO4

	
	mol. %
	12.9
	27.0
	60.1
	32.4
	67.6
	





Fig. 3.49. - Micrographs of regions of sample 2a

Table 3.50.- EDX data on sample 2a

	#
	U
	Ca
	O
	UO2
	CaO
	Phase

	SQ1
	mass %
	58.9
	19.4
	21.7
	71.1
	28.9
	Eutectic crystallization zone

	
	mol. %
	11.9
	23.2
	64.9
	33.8
	66.2
	

	SQ2
	mass %
	59.5
	20.3
	20.2
	70.4
	29.6
	

	
	mol. %
	12.4
	25.1
	62.5
	33.0
	67.0
	

	SQ3
	mass %
	60.3
	20.1
	19.6
	70.8
	29.2
	

	
	mol. %
	12.8
	25.4
	61.9
	33.5
	66.5
	

	P1
	mass %
	59.5
	21.0
	19.5
	69.6
	30.4
	Ca2UO4

	
	mol. %
	12.5
	26.3
	61.1
	32.3
	67.8
	

	P2
	mass %
	60.4
	18.9
	20.7
	72.1
	27.9
	Eutectic crystallization zone

	
	mol. %
	12.6
	23.4
	64.1
	35.0
	65.0
	

	P3
	mass %
	60.1
	18.7
	21.2
	72.2
	27.8
	

	
	mol. %
	12.4
	22.9
	64.8
	35.1
	64.9
	

	P4
	mass %
	60.4
	20.4
	19.2
	70.6
	29.4
	Ca2UO4

	
	mol. %
	12.9
	25.9
	61.2
	33.3
	66.7
	

	P5
	mass %
	51.2
	28.1
	20.8
	59.7
	40.3
	CaO-based phase + surrounding phases

	
	mol. %
	9.7
	31.6
	58.7
	23.5
	76.5
	




 

Fig. 3.50. - Micrographs of regions of sample 3

Table 3.51.- EDX data on sample 3

	#
	U
	Ca
	O
	UO2
	CaO
	Phase

	SQ1
	mass %
	57.4
	18.4
	24.2
	71.7
	28.3
	-

	
	mol. %
	10.9
	20.7
	68.4
	34.5
	65.5
	

	SQ2
	mass %
	63.3
	21.6
	15.0
	70.3
	29.7
	Homogeneous structure

	
	mol. %
	15.2
	30.9
	53.8
	33.0
	67.0
	

	SQ3
	mass %
	62.9
	19.6
	17.6
	72.3
	27.7
	Eutectic crystallization zone

	
	mol. %
	14.3
	26.4
	59.3
	35.1
	64.9
	

	SQ4
	mass %
	61.8
	19.7
	18.5
	71.8
	28.2
	Ca2UO4

	
	mol. %
	13.6
	25.7
	60.7
	34.6
	65.4
	

	SQ5
	mass %
	61.7
	20.0
	18.3
	71.4
	28.6
	

	
	mol. %
	13.6
	26.2
	60.2
	34.2
	65.8
	

	SQ6
	mass %
	59.5
	19.1
	21.4
	71.6
	28.4
	

	
	mol. %
	12.1
	23.1
	64.8
	34.4
	65.6
	

	SQ7
	mass %
	64.3
	18.0
	17.8
	74.4
	25.6
	Eutectic crystallization zone

	
	mol. %
	14.8
	24.5
	60.7
	37.6
	62.4
	

	SQ8
	mass %
	62.6
	20.3
	17.1
	71.4
	28.6
	Ca2UO4

	
	mol. %
	14.3
	27.6
	58.0
	34.1
	65.9
	

	SQ9
	mass %
	59.5
	17.9
	22.5
	72.9
	27.1
	Eutectic crystallization zone

	
	mol. %
	11.9
	21.3
	66.9
	35.9
	64.2
	

	SQ10
	mass %
	62.6
	20.3
	17.1
	71.4
	28.6
	

	
	mol. %
	14.3
	27.6
	58.0
	34.1
	65.9
	

	P1
	mass %
	60.1
	21.2
	18.6
	69.7
	30.3
	Ca2UO4

	
	mol. %
	13.0
	27.2
	59.8
	32.3
	67.7
	

	P2
	mass %
	65.0
	16.6
	18.4
	76.1
	23.9
	Eutectic crystallization zone

	
	mol. %
	14.9
	22.5
	62.6
	39.8
	60.2
	

	P3
	mass %
	59.9
	20.8
	19.3
	70.0
	30.0
	Ca2UO4

	
	mol. %
	12.8
	26.3
	61.0
	32.7
	67.3
	

	P4
	mass %
	67.6
	12.4
	20.0
	81.5
	18.5
	CaUO4-x

	
	mol. %
	15.4
	16.8
	67.7
	47.8
	52.2
	

	P5
	mass %
	61.1
	18.2
	20.7
	73.1
	26.9
	Eutectic crystallization zone

	
	mol. %
	12.8
	22.7
	64.5
	36.1
	63.9
	

	P6
	mass %
	59.8
	19.2
	21.0
	71.6
	28.4
	

	
	mol. %
	12.3
	23.5
	64.2
	34.4
	65.6
	





Fig. 3.51. - Micrographs of regions of sample 3a

Table 3.52.- EDX data on sample 3a
	#
	U
	Ca
	O
	UO2
	CaO
	Phase

	SQ1
	mass %
	58.6
	19.7
	21.7
	70.7
	29.3
	Eutectic crystallization zone

	
	mol. %
	11.8
	23.5
	64.7
	33.3
	66.7
	

	SQ2
	mass %
	62.0
	21.3
	16.7
	70.2
	29.8
	

	
	mol. %
	14.2
	29.0
	56.8
	32.9
	67.1
	

	SQ3
	mass %
	61.5
	20.8
	17.7
	70.6
	29.4
	

	
	mol. %
	13.7
	27.5
	58.7
	33.2
	66.8
	

	SQ4
	mass %
	62.9
	20.0
	17.1
	71.8
	28.2
	Eutectic crystallization zone

	
	mol. %
	14.4
	27.3
	58.3
	34.6
	65.4
	

	SQ5
	mass %
	55.4
	17.2
	27.4
	72.3
	27.7
	

	
	mol. %
	9.8
	18.1
	72.1
	35.2
	64.8
	

	SQ6
	mass %
	61.0
	18.0
	20.9
	73.3
	26.7
	

	
	mol. %
	12.7
	22.4
	64.9
	36.3
	63.7
	

	SQ7
	mass %
	57.5
	18.0
	24.5
	72.2
	27.8
	

	
	mol. %
	10.9
	20.2
	69.0
	35.0
	65.0
	

	P1
	mass %
	64.5
	19.7
	15.8
	72.7
	27.3
	Mixture of phases

	
	mol. %
	15.5
	28.0
	56.5
	35.6
	64.4
	

	P2
	mass %
	61.6
	21.4
	17.1
	70.0
	30.0
	Ca2UO4

	
	mol. %
	13.9
	28.7
	57.4
	32.7
	67.3
	

	P3
	mass %
	39.1
	29.5
	31.4
	51.8
	48.2
	CaO

	
	mol. %
	5.7
	25.7
	68.5
	18.3
	81.7
	




Fig. 3.52. - Micrographs of regions of sample 3b





Table 3.53.- EDX data on sample 3b
	#
	U
	Ca
	O
	UO2
	CaO
	Phase

	SQ1
	mass %
	59.3
	19.6
	21.0
	71.0
	29.0
	-

	
	mol. %
	12.1
	23.8
	64.0
	33.7
	66.3
	

	SQ2
	mass %
	60.7
	20.3
	19.0
	70.8
	29.2
	

	
	mol. %
	13.1
	26.0
	60.9
	33.4
	66.6
	

	SQ3
	mass %
	60.0
	19.3
	20.7
	71.6
	28.4
	

	
	mol. %
	12.4
	23.8
	63.8
	34.4
	65.6
	

	SQ4
	mass %
	62.2
	18.3
	19.4
	73.3
	26.7
	

	
	mol. %
	13.5
	23.7
	62.8
	36.4
	63.6
	

	P1
	mass %
	62.2
	18.3
	19.4
	73.3
	26.7
	Ca2UO4

	
	mol. %
	13.1
	26.7
	60.1
	32.9
	67.1
	

	P2
	mass %
	59.9
	21.4
	18.7
	69.5
	30.5
	

	
	mol. %
	12.9
	27.3
	59.9
	32.1
	67.9
	



The axial cut of the ingot upper part with regions marked for the SEM/EDX analysis is shown in Fig. 3.53. The analytical data on the ingot from PRS11 are presented in Figs. 3.54-3.63 and Tabs. 5.3.54-3.62.
Regions 8 and 9 were found to contain vast eutectic zones with the composition coinciding with eutectics from PRS4, 10. Other regions demonstrated the crystallized CaUO4-x and Ca2UO4-x (region 5, Fig. 3.57, points Р1, 3; region 7, Fig. 3.59, points Р3, 4). Of interest is the microstructure of region 12 with the coexisting two chemical compounds and the CaO-based solid solution (region 12, Fig. 3.63, points Р1, 2, 3).

Fig. 3.53. –Polished section from PRS11 with regions marked for the SEM/EDX analysis


Fig. 3.54.- Micrographs of region 1

Table 3.54. - EDX data on region 1
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	69.4
	30.6
	-

	
	mol. %
	32.0
	68.0
	

	SQ2
	mass %
	69.6
	30.4
	

	
	mol. %
	32.2
	67.8
	

	SQ3
	mass %
	69.8
	30.2
	

	
	mol. %
	32.4
	67.6
	

	SQ4
	mass %
	69.7
	30.3
	

	
	mol. %
	32.4
	67.6
	

	SQ5
	mass %
	69.4
	30.6
	

	
	mol. %
	32.0
	68.0
	

	P1
	mass %
	70.2
	29.8
	Ca2UO4

	
	mol. %
	32.8
	67.2
	

	P2
	mass %
	69.5
	30.5
	

	
	mol. %
	32.1
	67.9
	




Fig. 3.55. - Micrographs of region 2

Table 3.55. - EDX data on region 2
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	65.8
	34.2
	-

	
	mol. %
	28.6
	71.4
	

	SQ2
	mass %
	68.9
	31.1
	

	
	mol. %
	31.5
	68.5
	




Fig. 3.56. - Micrographs of region 3
Table 3.56. - EDX data on region 3
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	69.5
	30.5
	-

	
	mol. %
	32.1
	67.9
	

	SQ2
	mass %
	69.2
	30.8
	

	
	mol. %
	31.9
	68.2
	

	SQ3
	mass %
	68.4
	31.6
	

	
	mol. %
	31.1
	68.9
	

	P1
	mass %
	68.6
	31.4
	Ca2UO4

	
	mol. %
	31.2
	68.8
	

	P2
	mass %
	69.4
	30.6
	

	
	mol. %
	32.0
	68.0
	




Fig. 3.57. - Micrographs of regions 4 and 5

Table 3.57. - EDX data on region 5
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	66.6
	33.4
	-

	
	mol. %
	29.3
	70.7
	

	SQ2
	mass %
	67.0
	33.0
	

	
	mol. %
	29.6
	70.4
	

	SQ3
	mass %
	68.3
	31.7
	

	
	mol. %
	30.9
	69.1
	

	P1
	mass %
	80.5
	19.5
	CaUO4-x with captured surrounding phases

	
	mol. %
	46.2
	53.8
	

	P2
	mass %
	71.8
	28.2
	Mixture

	
	mol. %
	34.6
	65.4
	

	P3
	mass %
	67.7
	32.3
	Ca2UO4

	
	mol. %
	30.4
	69.6
	




Fig. 3.58. - Micrograph of region 6


Fig. 3.59. - Micrograph of region 7

Table 3.58. - EDX data on region 7

	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	69.7
	30.3
	-

	
	mol. %
	32.3
	67.7
	

	SQ2
	mass %
	70.1
	29.9
	

	
	mol. %
	32.7
	67.3
	

	SQ3
	mass %
	70.4
	29.6
	

	
	mol. %
	33.1
	66.9
	

	SQ4
	mass %
	71.0
	29.0
	

	
	mol. %
	33.7
	66.3
	

	P1
	mass %
	83.3
	16.7
	 CaUO4-x

	
	mol. %
	50.8
	49.2
	

	P2
	mass %
	69.6
	30.4
	Ca2UO4

	
	mol. %
	32.2
	67.8
	

	P3
	mass %
	84.6
	15.4
	 CaUO4-x

	
	mol. %
	53.3
	46.7
	

	P4
	mass %
	69.3
	30.7
	Ca2UO4

	
	mol. %
	31.9
	68.1
	




Fig. 3.60. - Micrograph of region 8
Table 3.59. - EDX data on region 8
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	68.0
	32.0
	-

	
	mol. %
	30.6
	69.4
	

	SQ2
	mass %
	69.8
	30.2
	

	
	mol. %
	32.4
	67.6
	




Fig. 3.61. - Micrograph of region 9
Table 3.60. - EDX data on region 9
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	69.7
	30.3
	-

	
	mol. %
	32.4
	67.6
	

	SQ2
	mass %
	69.8
	30.2
	

	
	mol. %
	32.4
	67.6
	

	SQ3
	mass %
	69.7
	30.3
	

	
	mol. %
	32.4
	67.6
	




Fig. 3.62. - Micrographs of regions 10,11
Table 3.61. - EDX data on regions 10,11
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	71.3
	28.7
	-

	
	mol. %
	34.0
	66.0
	

	SQ2
	mass %
	72.1
	27.9
	

	
	mol. %
	34.9
	65.1
	

	SQ3
	mass %
	70.0
	30.0
	

	
	mol. %
	32.6
	67.4
	

	SQ4
	mass %
	69.0
	31.0
	

	
	mol. %
	31.6
	68.4
	

	SQ5
	mass %
	72.5
	27.5
	

	
	mol. %
	35.3
	64.7
	

	P1
	mass %
	84.2
	15.8
	 CaUO4-x

	
	mol. %
	52.6
	47.4
	

	P2
	mass %
	69.7
	30.3
	Ca2UO4

	
	mol. %
	32.3
	67.7
	




Fig. 3.63. - Micrograph of region 12

Table 3.62. - EDX data on region 12
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	66.3
	33.7
	-

	
	mol. %
	29.0
	71.0
	

	SQ2
	mass %
	62.9
	37.1
	

	
	mol. %
	26.1
	73.9
	

	SQ3
	mass %
	64.9
	35.1
	

	
	mol. %
	27.7
	72.3
	

	SQ4
	mass %
	64.4
	35.6
	

	
	mol. %
	27.3
	72.7
	

	P1
	mass %
	84.3
	15.7
	 CaUO4-x

	
	mol. %
	52.7
	47.3
	

	P2
	mass %
	70.1
	29.9
	Ca2UO4

	
	mol. %
	32.8
	67.2
	

	P3
	mass %
	67.2
	32.8
	CaO

	
	mol. %
	29.8
	70.2
	

	P4
	mass %
	50.5
	49.5
	

	
	mol. %
	17.5
	82.5
	

	P5
	mass %
	16.4
	83.6
	

	
	mol. %
	3.9
	96.1
	

	P6
	mass %
	69.0
	31.0
	Ca2UO4

	
	mol. %
	31.6
	68.4
	

	P7
	mass %
	85.4
	14.6
	 CaUO4-x

	
	mol. %
	54.8
	45.2
	




Investigation of samples and ingot from PRS12

Like in PRS11, the polished sections produced from the quenched flakes were subjected to the SEM/EDX analysis (see results in Figs. 3.64- 3.66 and Tabs. 3.63-3.65). Samples 1-3 were quenched from the melt temperature of 2670°C, while quenching of samples 4-6 was done from 2730°C. Microstructurally, the samples are cellular. When samples of the first composition undergo crystallization from 2440ºС, stabilization of the UO2–based solid solution with up to 36.2 mol. % CaO occurs. When samples of the second composition crystallize from 2595ºC, stabilization of the UO2–based solid solution with up to 27.6 mol. % of CaO occurs. Separation of the CaO-rich solution was noted along boundaries of the solid solution.


Fig. 3.64. - Micrographs of regions 1 and 2
Table 3.63. -EDX data on samples 1 and 2
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	88.5
	11.5
	-

	
	mol. %
	61.5
	38.5
	

	SQ2
	mass %
	88.4
	11.6
	

	
	mol. %
	61.2
	38.8
	

	SQ3
	mass %
	88.2
	11.8
	

	
	mol. %
	60.8
	39.2
	

	SQ4
	mass %
	85.9
	14.1
	

	
	mol. %
	55.9
	44.1
	

	SQ5
	mass %
	87.8
	12.2
	

	
	mol. %
	59.9
	40.1
	

	SQ6
	mass %
	85.3
	14.7
	

	
	mol. %
	54.7
	45.3
	

	SQ7
	mass %
	86.1
	13.9
	

	
	mol. %
	56.2
	43.8
	

	SQ8
	mass %
	86.5
	13.5
	

	
	mol. %
	57.0
	43.0
	

	SQ9
	mass %
	85.5
	14.5
	

	
	mol. %
	55.0
	45.0
	

	P1
	mass %
	89.4
	10.6
	UO2(CaO) solid solution

	
	mol. %
	63.8
	36.2
	

	P2
	mass %
	68.1
	31.9
	Mixture of phases

	
	mol. %
	30.7
	69.3
	



Fig. 3.65. - Micrographs of regions 3 and 4
Table 3.64. -EDX data on samples 3 and 4
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	85.9
	14.1
	-

	
	mol. %
	55.9
	44.1
	

	SQ2
	mass %
	86.6
	13.4
	

	
	mol. %
	57.4
	42.6
	

	SQ3
	mass %
	86.1
	13.9
	

	
	mol. %
	56.3
	43.7
	

	SQ4
	mass %
	85.9
	14.1
	

	
	mol. %
	55.9
	44.1
	

	SQ5
	mass %
	85.9
	14.1
	

	
	mol. %
	55.9
	44.1
	

	SQ6
	mass %
	91.1
	8.9
	

	
	mol. %
	68.0
	32.0
	

	SQ7
	mass %
	91.5
	8.5
	

	
	mol. %
	69.0
	31.0
	

	SQ8
	mass %
	91.6
	8.4
	

	
	mol. %
	69.2
	30.8
	




Fig. 3.66. - Micrographs of regions 5 and 6

Table 3.65. -EDX data on samples 5 and 6
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	91.5
	8.5
	-

	
	mol. %
	69.2
	30.8
	

	SQ2
	mass %
	91.8
	8.2
	

	
	mol. %
	69.8
	30.2
	

	SQ3
	mass %
	91.7
	8.3
	

	
	mol. %
	69.5
	30.5
	

	SQ4
	mass %
	91.4
	8.6
	

	
	mol. %
	68.8
	31.2
	

	SQ5
	mass %
	91.1
	8.9
	

	
	mol. %
	67.9
	32.1
	

	SQ6
	mass %
	92.7
	7.3
	(UO2-rich region – solid solution)

	
	mol. %
	72.4
	27.6
	



The axial cut of the ingot with regions marked for the SEM/EDX analysis is shown in Fig. 3.67. The analytical data on the ingot from PRS12 are presented in Figs. 3.68-3.71 and Tabs. 3.66-3.69.
A micrograph of the peripheral region of the ingot (region 6 SQ7, Fig. 3.71) demonstrates the initial crystallization of the UO2–based solid solution. Closeness of compositions of the solid solution and of the melt suggests narrowness of liquidus and solidus boundaries in this domain of the diagram. Other regions demonstrate crystallization of the UO2–based solid solution with varying content of CaO.

Fig. 3.67. –Polished section from PRS12 with regions marked for the SEM/EDX analysis



Fig. 3.68. - Micrograph of region 1
Table 3.66. - EDX data on region 1
	#
	UO2
	CaO

	SQ1
	mass %
	92.3
	7.7

	
	mol. %
	71.4
	28.6

	SQ2
	mass %
	92.5
	7.5

	
	mol. %
	72.0
	28.0

	SQ3
	mass %
	91.9
	8.1

	
	mol. %
	70.1
	29.9

	SQ4
	mass %
	89.5
	10.5

	
	mol. %
	63.8
	36.2

	SQ5
	mass %
	91.9
	8.1

	
	mol. %
	70.2
	29.8




Fig. 3.69. - Micrograph of region 2

Table 3.67. - EDX data on region 2
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	92.1
	7.9
	-

	
	mol. %
	70.8
	29.2
	

	SQ2
	mass %
	92.9
	7.1
	

	
	mol. %
	73.2
	26.8
	

	P1
	mass %
	93.2
	6.8
	UO2(CaO) solid solution

	
	mol. %
	74.1
	25.9
	




Fig. 3.70. - Micrograph of region 3

Table 3.68. - EDX data on region 3

	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	92.3
	7.7
	-

	
	mol. %
	71.3
	28.7
	

	SQ2
	mass %
	92.5
	7.5
	

	
	mol. %
	72.1
	27.9
	

	P1
	mass %
	95.4
	4.6
	UO2(CaO) solid solution

	
	mol. %
	81.0
	19.0
	

	P2
	mass %
	92.6
	7.4
	

	
	mol. %
	72.2
	27.8
	

	P3
	mass %
	91.8
	8.2
	

	
	mol. %
	69.9
	30.1
	




Fig. 3.71. - Micrographs of regions 4-6
Table 3.69. - EDX data on regions 4-6
	#
	UO2
	CaO
	Phase

	SQ1
	mass %
	92.0
	8.0
	-

	
	mol. %
	70.6
	29.4
	

	SQ2
	mass %
	92.3
	7.7
	

	
	mol. %
	71.2
	28.8
	

	SQ3
	mass %
	90.3
	9.7
	

	
	mol. %
	65.9
	34.1
	

	SQ4
	mass %
	92.5
	7.5
	

	
	mol. %
	71.9
	28.1
	

	SQ5
	mass %
	92.4
	7.6
	

	
	mol. %
	71.7
	28.3
	

	SQ6
	mass %
	92.8
	7.2
	

	
	mol. %
	72.7
	27.3
	

	SQ7
	mass %
	92.4
	7.6
	

	
	mol. %
	71.5
	28.5
	

	P1
	mass %
	90.0
	10.0
	UO2(CaO) solid solution

	
	mol. %
	65.1
	34.9
	

	P2
	mass %
	90.3
	9.7
	

	
	mol. %
	65.8
	34.2
	

	P3
	mass %
	64.2
	35.8
	Межзеренное пространство

	
	mol. %
	27.2
	72.8
	

	P4
	mass %
	94.3
	5.7
	UO2(CaO) solid solution

	
	mol. %
	77.4
	22.6
	

	P5
	mass %
	91.3
	8.7
	

	
	mol. %
	68.5
	31.5
	

	P6
	mass %
	91.9
	8.1
	

	
	mol. %
	70.2
	29.8
	




[bookmark: _Toc89600324][bookmark: _Toc320884672]3.4.5. Generalization of the VPA IMCC data

Figs. 3.72-3.87 and Tab. 3.70 present the processed and generalized data yielded by investigations of the UO2-CaO system by VPA IMCC. The figures offer fragments of thermograms with pasted video frames of the melt surface during Tliq measurement.

Fig. 3.72. –Thermogram fragment from PRS4
(melt sample 1 quenched from 2360 ˚C)


Fig. 3.73. –Thermogram fragment from PRS4
(melt sample 2 quenched from 2360 ˚C)


Fig. 3.74. –Thermogram fragment from PRS6
(melt sample 1 quenched from 2640 ˚C)


Fig. 3.75. –Thermogram fragment from PRS6
(melt sample 2 quenched from 2640 ˚C)


Fig. 3.76. –Thermogram fragment from PRS6
(melt sample 3 quenched from 2740 ˚C)


Fig. 3.77. –Thermogram fragment from PRS10
(melt sample 3 quenched from 2050 ˚C)


Fig. 3.78. –Thermogram fragment from PRS10
(melt sample 4 quenched from 2050 ˚C)


Fig. 3.79. –Thermogram fragment from PRS11
(melt sample 1 quenched from 2240 ˚C)


Fig. 3.80. –Thermogram fragment from PRS11
(melt sample 2 quenched from 2240 ˚C)



Fig. 3.81. –Thermogram fragment from PRS11
(melt sample 3 quenched from 2240 ˚C)



Fig. 3.82. –Thermogram fragment from PRS12
(melt sample 1 quenched from 2670 ˚C)


Fig. 3.83. –Thermogram fragment from PRS12
(melt sample 2 quenched from 2670 ˚C)


Fig. 3.84. –Thermogram fragment from PRS12
(melt sample 3 quenched from 2670 ˚C)


Fig. 3.85. –Thermogram fragment from PRS12
(melt sample 4 quenched from 2730 ˚C)


Fig. 3.86. –Thermogram fragment from PRS12
(melt sample 5 quenched from 2730 ˚C)


Fig. 3.87. –Thermogram fragment from PRS12
(melt sample 6 quenched from 2730 ˚C)


[bookmark: _Toc89600325][bookmark: _Toc320884673][bookmark: _Toc343073967]4. Tliq measurement in the Galakhov microfurnace

Specimens (flakes) from melt samples taken during PRS4 were prepared for Tliq measurements in the Galakhov microfurnace, and samples from the last liquid crystallization zone in the ingot were taken for Teut determination. Figs. 4.1 and 4.2 offer pictures of specimens fastened in the wire holder and undergoing transformation during the test. Tsol for specimen 1 was 1990°C, while Tliq was 2217°C. The sample taken from the eutectic crystallization zone of the ingot started deforming at 1866°C and melted completely at 1890°C. The temperature gap between the beginning of melting and its completion may apparently be explained by the presence of a small quantity of solid solutions in the sample.


Fig. 4.1. –Sample 1 during the test.
(Melting begins at T=1991°C, complete melting of specimen at T=2217°C)



Fig. 4.2. –A sample taken from the eutectic crystallization zone.
(Melting begins at T=1866 ˚C, complete melting of specimen at 1890°C)

[bookmark: _Toc320884674][bookmark: _Toc343073968]5. Measurement of the CaO melting temperature by specimens laser heating

Tests aimed at refining CaO melting temperature have been performed. These tests are complicated because optical transparency of CaO is high in the visible and close IR ranges at temperatures below ~2000 K and because of its relatively low boiling temperature (~3300 K). Thus, the melting temperature happens to be close to the boiling temperature and determines the high degree of uncertainty concerning the CaO melting temperature (which varies by hundreds of Kelvins, according to different authors). The technique of CaO specimens production is given below. First, the powder containing no less than 99% Ca(OH)2 (Pure Analytical grade) was calcinated to obtain CaO powder. Then, pellets were compressed from the obtained powder and sintered at 2000ºС in vacuum within half an hour. The produced pellets were ground and compressed again. Then, the produced pellets were sintered at 2000ºС.
Since at low temperatures CaO is a transparent matter, and the ceramics produced from it is highly reflective, a new system for heating semi-transparent (hence, highly reflective) ceramics has been designed and implemented. It involves heating with an Nd:YAG laser operating at a wavelength of 1064 nm. The problem is that such materials as СаО reflect practically all incoming laser radiation at room temperature, and their absorption coefficient increases along with the growing temperature. Therefore, a subsecond laser pulse at a moderate power density (usually used in similar tests) does not heat CaO. A significant (several times) increase of power causes heating of the material, but the surface temperature increases in the avalanche-type fashion due to the steep dependence of the absorption coefficient on temperature. In such a case, it is practically impossible to control the maximum heating temperature and govern the cooling rate. The created system envisages the specimen preliminary heating up to a temperature, at which the absorbing capacity reaches a level that is sufficient for the controlled heating of substance. When this temperature is attained, the time-profiled laser pulse heating is switched on. The preliminary heating lasts for dozens and hundreds of seconds and leads to the beginning of the avalanche-type temperature growth that is controlled by a pyrometer. When the preset temperature (usually within the 1500-2000 K range) is attained, preliminary heating is switched off and the programmed pulse is switched on. The latter circumstance made it possible to heat the highly reflective CaO ceramics, having prevented a significant temperature overshoot above the boiling temperature under the atmospheric pressure.
The CaO melting tests employed the same complex of measuring equipment as was described in Section 2. In contrast to a similar complex created at ITU-JRC, Karlsruhe (Germany) and previously used for performing similar tests, a high-speed camera for the registration of temperature fields on the melt surface with a time-lapse of over 1 ms has been added to the equipment in question. Thus, it is for the first time that tests of this kind can use an opportunity to analyze peculiarities of melting and crystallization when laser heating is applied, as well as to compare heating and cooling thermograms with temperature fields formation.

Fig. 5.1. –Thermogram from the test

Fig. 5.2. –Temperature radial distribution

Fig. 5.1 offers characteristic heating thermograms in the case of a 300 ms rectangular laser pulse. A complete power cutoff resulted in a high cooling rate and, as a consequence, shortening of the crystallization plateau. A sharp temperature drop below that of crystallization after switching off of the heating radiation could be attributed, at a first glance, to the liquid supercooling. However, the high rate of ‘returning’ to the crystallization plateau allowed a supposition that the peculiarity in the thermogram had been caused by surface shielding by the condensed steam. The high-speed video recording has proved the presence of the characteristic convective steam flow at maximum temperatures and the subsequent steam plume darkening that indicated surface shielding. Fig. 5.2 shows the radial temperature distribution at the end of crystallization. According to the data from several tests, the brightness temperature of melting amounted to 3100±15 K. To determine true melting temperature, CaO emissivity close to the melting point has been checked. It was found to be 0.92±0.05 and the temperature of CaO melting amounted to 3170±15 К.


[bookmark: _Toc97699917][bookmark: _Toc156369117][bookmark: _Toc320884675][bookmark: _Toc343073969]6. Discussion of results

Due to high chemical activity, temperature of the UO2–CaO melts and the absence of crucibles for holding such melts, Tliq investigations applying classical methods (e.g., VPA, DTA, etc.) are difficult to realize. Application of the VPA IMCC technique that features absence of interaction with the crucible material made it possible to carry out the required investigations. The high degree of the crystallized melt samples and synthesized ingots hygroscopicity places limitations on specimens preparation and storage for physicochemical analyses.
A comparison of the XRF and chemical analysis data on melt samples from PRS4, 6, 10-12 has shown their satisfactory agreement and discrepancy with some EDX data.
The XRF, chemical analysis and EDX data on melt samples are compared in Tab. 6.1.
It is obvious from Tab. 6.1 that the biggest differences between the initial compositions and melt sample compositions determined by chemical analysis and XRF were found in PRS4 and PRS6(I, II). In PRS6(I, II) it can be explained by the fact that after crystallization of the CaO-based solid solution on the cooled crucible walls, the melt composition has shifted towards the UO2–rich domain. Fig. 6.1 presents the axial cut of the ingot from PRS6 which shows well thickness of the lateral and bottom crust before switching the HF heating off.

Fig. 6.1. - Axial cut of the ingot from PRS6





64

Table 6.1. -Comparison of the XRF, chemical analysis and EDX data on the composition of melt samples from PRS4, 6, 10-12
	Test
	Sample #
	Content, mass %/ mol. %
	Тliq, С

	
	
	Chemical analysis
	XRF
	EDX
	

	
	
	UO2
	CaO
	UO2
	CaO
	UO2
	CaO
	

	PRS4
	1
	82.69
49.80
	17.31
50.20
	82.71
49.84
	17.29
50.16
	75.2
38.6
	24.8
61.4
	2188±50

	
	2
	82.83
50.05
	17.17
49.95
	82.96
50.28
	17.04
49.72
	74.8
38.1
	25.2
61.9
	2195±50

	
	Charge
	82.8
50.0
	17.2
50.0
	-
	-
	-
	-
	-

	PRS6
	1
	63.15
26.25
	36.85
73.75
	63.3
26.37
	36.7
73.63
	50.5
17.5
	49.5
82.5
	2382±55

	
	2
	62.91
26.05
	37.09
73.95
	63.10
26.21
	36.90
73.79
	52.6
18.7
	47.4
81.3
	2417±55

	
	Charge
	51.1
17.9
	48.9
82.1
	-
	-
	-
	-
	-

	
	3
	50.30
17.37
	49.70
82.63
	50.40
17.43
	49.60
82.57
	39.7
12.0
	60.3
88.0
	2600±60

	
	Charge
	34.9
10.0
	65.2
90.0
	
	
	
	
	

	PRS10
	3
	73.60
36.67
	26.4
63.33
	70.60
33.28
	29.40
66.72
	72.1
34.9
	27.9
65.1
	1876±30

	2351 
	4
	71.55
34.31
	28.45
65.69
	70.14
32.79
	29.86
67.21
	71.1
33.9
	28.9
66.1
	1886±30

	2352 
	Charge
	73.2
36.2
	26.8
63.8
	-
	-
	-
	-
	-

	PRS11
	1
	67.88
30.50
	32.12
69.50
	69.38
32.00
	30.62
68.00
	72.0
34.8
	28.0
65.2
	191230

	· 
	2
	67.46
30.10
	32.54
69.90
	70.25
32.90
	29.75
67.10
	71.5
34.3
	28.5
65.7
	191030

	· 
	3
	68.18
30.80
	31.82
69.20
	71.72
34.50
	28.28
65.50
	71.1
33.8
	28.9
66.2
	190730

	
	Charge
	67.4
30.0
	32.6
70.0
	-
	-
	-
	-
	-

	PRS12
	1
	86.60
57.30
	13.40
42.70
	85.49
55.03
	14.51
44.97
	88.4
61.2
	11.6
38.8
	244055

	
	2
	84.08
52.31
	15.92
47.69
	86.12
56.30
	13.88
43.70
	85.7
55.5
	14.3
44.6
	242055

	
	3
	87.52
59.29
	12.48
40.71
	85.53
55.11
	14.47
44.89
	86.25
56.65
	13.75
43.35
	243255

	
	Charge
	87.8
60.0
	12.2
40.0
	-
	-
	-
	-
	-

	
	4
	92.39
71.60
	7.61
28.40
	91.93
70.29
	8.07
29.71
	91.1
68.0
	8.9
32.0
	258960

	
	5
	89.86
64.79
	10.14
35.21
	91.86
70.09
	8.14
29.91
	91.5
69.2
	8.5
30.8
	262060

	
	6
	89.54
64.00
	10.46
36.00
	91.32
68.60
	8.68
31.40
	91.4
68.8
	8.6
31.2
	259560

	
	Charge
	91.8
70.0
	8.2
30.0
	-
	-
	-
	-
	-




The sectional area analysis and presumption of the ingot axial symmetry yield the ingot volume of about 160 cm3 and the crust volume of 53 cm3, which correspond to a mass of 177.6 g. The calculated melt composition before the HF heating switching off, taking the CaO crust mass into consideration, is presented in Tab. 6.2.
Table 6.2. –Comparison of physicochemical analysis data and the calculated melt composition before the HF heating switching off
	
	UO2
	CaO

	Ingot without crust (calculated)
	mass %
	47.60
	52.40

	
	mol. %
	15.90
	84.10

	Sample 3
	Chemical analysis
	mol. %
	17.37
	82.63

	
	XRF
	mol. %
	17.43
	82.57

	
	EDX
	mol. %
	12.00
	88.00


The data presented in Tab. 6.2 shows that the calculated melt composition before the HF heating switching off is most close to the XRF and chemical analysis data.
Significant differences can be due to the circumstances described below. The specimens for chemical analysis and XRF are completely homogenized during preparation, while these are local regions in the polished section plain that are selected for the EDX analysis. If we suppose that the samples cooling rate is insufficient for quenching and at first it is the solid solution that crystallizes on the cold probe, the layer of which may not get into a single sample from the polished section plain, then the composition of the analyzed zones may be significantly CaO biased in comparison with the integral composition. The error in Ca content determination by EDX may also be due to softness and hydratability of the Ca-containing zones which may cause, on the one hand, filling of the pores and roughnesses with the Ca-containing phase during the polished section preparation (and the resulting Ca content overestimation), while on the other hand it may cause ‘polishing out’ of the Ca-containing phase (thus leading to the Ca content underestimation). It should be noted that the described effects may show their influence only when relatively large areas are analyzed, while the results of the local (point-type) analysis will remain unaffected.
An attempt to explain the significant difference between the EDX and chemical analysis data with those of XRF was made by performing image analysis of the microstructure (see Fig. 6.2) and comparing its findings with the results of all analyses of melt samples from PRS6. Densities of the coexisting phases in calculations were assumed to be equal to 3.35 g/cm3 for the CaO-based phase and 5.6 g/cm3 for the Ca2UO4–based phase (data from [20]).

	
Region 1-1.
Dendrites of the CaO(UO2) solid solution – 33.2 vol.%,
Ca2UO4 matrix – 66.8 vol.%

	
Region 1-5.
Dendrites of the CaO(UO2) solid solution – 31.7 vol.%,
Ca2UO4 matrix – 68.3 vol.%


	
Region 2-1-1.
Dendrites of the CaO(UO2) solid solution – 38.1 vol.%, Ca2UO4 matrix – 61.9 vol.%
	
Region 3-2-1.
Dendrites of the CaO(UO2) solid solution – 36.4 vol.%, Ca2UO4 matrix – 63.6 vol.%


Fig. 6.2. –Image-analysis of regions
The calculational procedure is as follows:
 - mass ratios of phases are calculated on the basis of the coexisting phases densities;
 - UO2 / CaO mass and molar ratios are calculated on the basis of mass ratios of phases.
The calculated values are presented in Tab. 6.3.
Table 6.3. –Comparison of the EDX and image analysis data on the composition of melt samples
	
	UO2mol
	CaO mol

	
	mol. %

	Region 1-1
	EDX
	17.2
	82.8

	
	Image analysis
	19.9
	80.1

	Region 1-5
	EDX
	18.0
	82.0

	
	Image analysis
	20.4
	79.6

	Region 2-1-1
	EDX
	18.2
	81.8

	
	Image analysis
	18.2
	81.8

	Region 3-1
	EDX
	10.2
	89.8

	
	Image analysis
	13.1
	86.7

	Region 3-2-1
	EDX
	12.0
	88.0

	
	Image analysis
	18.7
	81.3



Thus, the EDX data for five examined regions showed a 2-3 mol. % deviation towards CaO in comparison with the image analysis data. Compositions coincided for one region. A relatively big discrepancy of 5.7 mol. % registered for region 3-2-1 may be due to the locally chosen composition rich in the matrix component. It should be noted that before switching the heating off, the calculated melt composition is found between the composition of region 3-1 and that of the local region 3-2-1.
Some regions of samples from PRS4 have been subjected to the same analysis. It should be noted that the phase of primary crystallization in the hypoeutectic area is the UO2–based solid solution with the U/Ca cationic ratio close to 1:1. Therefore, it may be supposed that when the solid solution crystallizes on cold walls of the induction melter, the melt composition deviates from that of the charge insignificantly. However, the image analysis data for samples from PRS4 corresponds to the EDX data. Therefore, the differences between the chemical and XRF data and the EDX data may apparently be explained by poor quality of samples preparation, since it was the first experience of preparing polished sections containing Ca.
Individual tests in the Galakhov microfurnace within the error of temperature determination confirm the results obtained by VPA IMCC. Tsol for sample 1 from PRS4 was found to be 1990±25°C, i.e., 125°C higher than the eutectic temperature. This circumstance indicates that the subsolidus domain is more complex than it is supposed in [1-3].
Tab. 6.2 shows final compositions of melt samples and the corresponding measured Tliq.
Table 6.2. –Tliq and Tsol measured by VPA IMCC and by VPA Galakhov, and the corresponding compositions
	Test
	Content, mol. %
	Тliq, С
	Тsol, С
Тliq, С

	
	UO2
	CaO
	VPA IMCC
	VPA Galakhov

	PRS4
	49.80±1.71
	50.20±1.71
	2188±50
	1990±30
2217±30


	
	50.05±1.72
	49.95±1.72
	2195±50
	-

	PRS6
	26.25±0.82
	73.75±0.82
	2382±55
	-

	
	26.05±0.81
	73.95±0.81
	2417±55
	-

	
	17.37±0.57
	82.63±0.57
	2600±60
	-

	PRS10
	36.67±1.17
	63.33±1.17
	1876±30
	-

	2353 
	34.31±1.09
	65.69±1.09
	1886±30
	-

	PRS11
	30.50±0.96
	69.50±0.96
	191230
	-

	· 
	30.10±0.94
	69.90±0.94
	191030
	-

	· 
	30.80±0.97
	69.20±0.97
	190730
	-

	PRS12
	55.03±1.95
	44.970±1.95
	244055
	-

	
	56.30±2.01
	43.70±2.01
	242055
	-

	
	55.11±1.95
	44.89±1.95
	243255
	-

	
	70.29±2.74
	29.71±2.74
	258960
	-

	
	70.09±2.72
	29.91±2.72
	262060
	-

	
	68.60±2.64
	31.40±2.64
	259560
	-



A large volume of SEM/EDX investigations of quenched melt samples and ingot axial cuts has been performed to gather information on the type of refractory system crystallization and its behavior in the subsolidus area. In the case with compositions from the UO2 side (PRS4, 10, 12 tests), the UO2–based solid solutions with the varying CaO content represent the primary crystallization phase when the melts superheated above Tliq, are quenched (see Tab. 6.3).

Table 6.3. Composition of the UO2(CaO) solid solution
	Test
	Composition, mol. %
	Tliq, °C
	Sample quenching T, °C
	CaO content, mol. %

	
	UO2
	CaO
	
	
	

	PRS12
	56.3
	43.7
	2420±55
	2670
	36.2

	PRS4
	50.05
	49.95
	2195±50
	2360
	46.1

	PRS10
	34.31
	65.69
	1886±30
	2050
	49.9



In the case with compositions from the CaO side (PRS6), the CaO –based solid solutions with the varying UO2 content represent the primary crystallization phase when the melts superheated above Tliq, are quenched (see Tab. 6.4).

Table 6.4. Composition of the CaO(UO2) solid solution
	Test
	Composition, mol. %
	Tliq, °C
	Sample quenching T, °C
	UO2 content, mol. %

	
	UO2
	CaO
	
	
	

	PRS6(ΙΙ)
	17.4
	82.6
	2600±50
	2740
	0.4

	PRS6(Ι)
	26.4
	73.6
	2380±50
	2640
	1.3



The data on the UO2 content differ for the areas of eutectic crystallization. In the zone of eutectic crystallization in PRS4, the maximum measured content of UO2 is 6.5 mol. % (Fig. 3.17, P1 point), while in PRS10 it is 1.9 mol. % (Fig. 3.41, P7 point). In the first place, it is due to the impossibility of an accurate analysis of UO2 solubility in CaO because of the insignificant quantity of this phase and small size of crystals. Composition of the UO2 solid solution in CaO can apparently be evaluated more accurately by analyzing the crystallized layer of the solid solution from PRS6. This layer formed in the course of the test and was in contact with the melt for a long time. After the HF heating switching off and ingot chilling, the secondary isolation of Ca2UO4 occurs in the layer of CaO-based solid solution, as is seen in micrographs. The content of UO2 in the region with secondary isolations equals 2.3 mol. % (Fig. 3.25, SQ2).
In three tests (PRS4, 10, 11), the ingot was crystallized in conditions close to equilibrium created by shifting the crucible with the melt relative to the inductor at 7-9 mm/h. In these conditions, the liquid fusible eutectic is forced out in the ingot upper part and gets crystallized there. According to the SEM/EDX data on the eutectic regions, the eutectic consists of CaUO4-x and the CaO-based solid solution. The VPA of melt samples from PRS4 in the Galakhov microfurnace has shown that the incongruent decomposition of CaUO4-x occurs at a temperature above the eutectic that corresponds to ~ 1990°С. The regions adjacent to the eutectic nucleus, and in some cases the eutectic nucleus itself, were found to contain a phase which chemical composition corresponds to Ca2UO4. It shows that the temperature of this compound decomposition is close to Tsol (Teut). The EDX data make it possible to affirm that this phase is a phase with transient composition, with the homogeneity region of the order of 5 mol. %.

[bookmark: _Toc320884676][bookmark: _Toc343073970]7. Conclusions

1. The eutectic composition and temperature for the system have been found to correspond to urania concentration of 32.55±1.75 mol. % and 1870±25С.
2. The maximum CaO solubility in UO2 was found to equal 44.57 ± 2.61 mol. % at the eutectic temperature.
3. The maximum UO2 solubility in CaO was found to equal 2.6 ± 1.1 mol. %.
4. The temperature of CaO melting was found to equal 2900± 15С.
5. The obtained experimental data allowed constructing a phase diagram of the UO2 – CaO pseudobinary system (see Fig. 7.1).

Fig. 7.1. – Phase diagram of the UO2-CaO pseudobinary system
(neutral atmosphere, ~10-4 Pa partial oxygen pressure)
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