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Abstract
The report presents data on the UO2–SiO2 system studied in the inert atmosphere. To obtain information on phase equilibria, original methods of visual polythermal analysis (VPA) in the Galakhov microfurnace and VPA IMCC were used. The SEM/EDX and chemical analyses were also employed.

Introduction
At the ex-vessel stage of a nuclear reactor severe accident, molten corium can contain a sufficient amount of iron oxides (steel oxidation products) and silicon oxide (resulting from corium interaction with concretes, sacrificial materials and refractories).

These circumstances dictate a need to study systems containing silicon oxide in order to optimize the existing databases and verify numerical codes. In accordance with the PRECOS Work Plan, the previously started (CORPHAD Project) investigations of components interaction in the UO2–SiO2 system in the inert atmosphere were continued.
1. State of the art review
For the first time, UO2–SiO2 was tackled by Lang, Knudsen, Fillmore and Roth [1] who used powder mixtures to study compositions with SiO2 content varying from 10 to 90 mol.% within the 800-1600°C range. The authors made a note that a U-bearing mineral discovered on a plateau in Colorado had the elementary cell parameters (calculated on the basis of XRD data) that were very close to those of zircon (ZrSiO4) elementary cell. In this relation, the scientists an attempt to synthesize a uranium analog of zircon was made, however synthesizing of USiO4 failed. Also, the authors did not discover any reciprocal solubility of components within the studied temperature range. The approximate eutectic composition was determined as 85-90 mol. % SiO2 at 1650±10°С (Fig. 1.1). The authors made a stress that the obtained data were approximate, since it had been very difficult to attain equilibrium in the system. In the first place, this was due to high viscosity of the melt. The authors also noted that even though relative equilibrium can be reached, the structures that form during cooling of such a viscous melt significantly complicate analysis of the system.
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Fig. 1.1 –UO2–SiO2 phase diagram according to [1]
Under hydrothermal conditions, Fuchs and Hoekstra [2] synthesized a four-valent uranium silicate, USiО4, that corresponds to coffinite (U[SiO4,(OH)4]) – the mineral discovered on the Colorado plateau. Small crystals of USiО4 belong to tetragonal syngony with the following lattice parameters: а=6.9810.004, с=6.250 0.005 Å. The light refraction index of the sample calcinated at 750°С is 1.83 and of that calcinated at 1000°С in vacuum is 1.88. The authors presented infrared spectra of USiО4 and noted the presence of hydroxyl groups and SiO4 tetraeders. USiО4 is stable at up to 1000°С in vacuum and at up to 500°С in air. The authors also note that a USiО4 sample decomposes in vacuum at 1250°С into urania and amorphous silica. This allows the authors to conclude that the compound in question could be obtained with a great difficulty by means of melting a mixture of simple oxides.

Later on, the system was investigated by Lungu [3-6] who visually observed melting of the UO2–SiO2 system mixtures and then subjected the quenched samples to microscopic analysis. A fusion diagram of the system is presented in [3] (Fig. 1.2a). This work discovered no chemical compounds. An area of liquid phase stratification has been found on the SiO2 side in the 63.5-88.8 mol. % SiO2 range. The monotectic temperature was found to be equal 207010C and the critical point temperature was determined as 2125C. The coefficient of thermal expansion for the samples containing from 50 to 80 mol. % UO2 was found to be 8010-7 1/K.
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Fig. 1.2 – UO2–SiO2 phase diagram according to S. Lungu: a) from [3], b) from [6]
When studying the ternary system SiO2–ThO2–UO2 in [4], Lungu refined the miscibility gap boundaries in the UO2–SiO2 binary system in the 66.2-92.6 mol. % SiO2 range. The UO2–SiO2-based vitroceramics were noted in [5] as promising nuclear fuels. In the same work, the liquidus line investigations confirmed the data from [3-4]; melt fluidity in the fusible tube was studied and the linear dependence of the pin length and the entrance Reynolds number demonstrated; hyperstoichiometry of melts obtained in different melting conditions was investigated and these data presented as a dependence of the equilibrium steam pressure/SiO2 activity ratio on the oxygen free energy at three different temperatures. The subsequent work by Lungu, Beleuta, Apostol and Rodulescu [6] attempted to theoretically analyze spinodal decomposition and crystallization of silicate melts, and presented results of experiments with the model system UO2–SiO2 (Fig. 1.2b). The normal primary crystallization was shown to stop when the melt cools down to a temperature below the spinodal decomposition curve in this system. The work demonstrates dependence of the change in the volume fraction and size of the primary crystallization phase, as well as of the spinodal decomposition period, on the quenching conditions (substrate material). The obtained experimental data confirm it that normal crystallization of the primary phase stops when the invariant line (that corresponds to the monotectic temperature) in the diagram is reached. The average size of crystallites was found to depend on the quenching rate as an exponent of the -1/6 power. A similar relatively weak dependence was also found to exist for the changing structure period during spinodal decomposition.
Though a substance corresponding to the formula USiO4 (without hydroxyl groups) could not be synthetically obtained in a lab, physicochemical analyses performed in 1989 on samples from the elephant’s feet resulting from a severe accident at the fourth reactor block of the Chernobyl NPP discovered crystals of this substance that was called ‘chernobylite’. Together with fianites, chernobylite belongs to a small class of minerals that do not occur in the nature and thus were designated as technogenic minerals [7].
Due to the unusual behavior of melts of the UO2–SiO2 system, experimental study of phase equilibria in the system is problematic, while these data are important for predicting molten corium behavior at the ex-vessel stage. In view of this, experimental investigation of the UO2–SiO2 phase diagram was initiated within CORPHAD Project. The obtained data [8] made it possible to outline the limiting curve of the miscibility gap (binodal) in the UO2–SiO2 system (Fig. 1.3). These results are compared with the Lungu’s diagram.
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Fig. 1.3 – A comparison of the CORPHAD project data [8] with the diagram according to Lungu [3-6]
The obtained data demonstrated a significant scatter in terms of composition of the coexisting liquids. It could be caused by the insufficient time of isothermal exposure of the melt in view of its considerable viscosity. Thus, it was decided to plot the largest compositions for each liquid on the diagram. When composing the experimental matrix for PRECOS Project, a decision was taken to continue investigating the system in order to resolve discrepancies between the data from CORPHAD and from Lungu’s works [3-6] (for instance, to confirm or disprove the miscibility gap height data).
2. Experimental techniques and installations description
The performed investigations were aimed at determining Tliq in the UO2-rich areas and refining the miscibility gap boundaries in the UO2–SiO2 system.
The tests employed VPA IMCC (PRS) and the method of high-temperature annealing/quenching in the Galakhov microfurnace (GPRS). The obtained samples were analyzed by SEM/EDX.

2.1. Visual polythermal analysis in a cold crucible
The method of visual polythermal analysis (VPA) [9] is a classical method of thermal analysis in the course of which the crucible is slowly cooled down in the furnace and the appearance of the first crystals on the molten pool surface is observed. The melt surface temperature is recorded during this process. At a low cooling rate (1-2(С/min) and with no supercooling, said temperature is close to Tliq. According to [9], the procedural error does not exceed 10(С.

The use of this and other classical methods for investigating corium-based systems is limited in most cases because of the high chemical activity of the melt that interacts with crucible materials, thus contaminating the melt and quite often preventing measurements due to crucibles destruction. That is why a new VPA method has been proposed for the conditions of induction melting in a cold crucible (VPA IMCC) and kept rapidly developing in recent years in corium studies [10]. 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.
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 made by video camera (3) and device for inserting measured values into video frames (5). The melt surface temperature is measured by the spectral ratio pyrometer RAYTEK MR1-SC. The video camera records an area on the melt surface that is limited by the shaft diameter (22 mm). The pyrometer sighting spot is about 6 mm. The cold crucible internal diameter is 38 mm. The invisible area of the melt surface is an 8 mm-wide ring near the crucible wall.
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Fig. 2.1 - Sample thermogram with melt surface video frames
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1 – water-cooled calorimeter; 2 – water-cooled pyrometer shaft; 3 – pyrometer coupled with video camera; 4 – data acquisition system; 5 – device for inserting measured values into video frames; 6 – monitor/video recorder; 7 – crucible vertical drive.
Fig. 2.2 - Furnace diagram
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Information on the melt surface temperature measured within the pyrometer sighting spot (white circle in the frame) and on the current time of the test is provided in the service line in the left part of the frame

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

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

· The error resulting from melt supercooling. It is known from the published sources that under nonequilibrium conditions melt crystallization starts when it becomes somewhat subcooled, and that the degree of supercooling ((Т) is individual for each melt and, according to [12], 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 [12].

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), Teut (2, 3) and Tliq (4, 5) 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

	4
	21% ZrO2
79% FeO
	1611
	1620
	Fischer and Hoffmann, 1957

	5
	36.3% ZrO2
73.7% FeO
	1825
	1835
	Fischer and Hoffmann, 1957


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 [13].

2.2. The method of high-temperature annealing-quenching in the Galakhov microfurnace (GPRS)
The tests were performed using an original facility – the Galakhov microfurnace [14] designed and manufactured at the I.V. Grebenschikov ISC of RAS and modernized at the A.P. Alexandrov NITI (Fig. 2.4).
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1. Pyrometer. 2. Video cameras. 3. Wolfram tubular heater. 4. Molybdenum crucible. 5. Molybdenum specimen holder. 6 Electromagnetic lock.7. Specimen quenching chamber.

Fig. 2.4 – Schematics if modernized Galakhov microfurnace

For melting the UO2–SiO2 system specimens in the Galakhov microfurnace, molybdenum crucibles were used to hold from 50 to 150 mg of the charge. Then the crucibles were placed on the molybdenum holder in the isothermal zone of the tubular heater. The operating range of temperature change in the zone spans from 1300 through 2500(C. The specimen surface temperature in the furnace was measured with the RAYTEK MR1-SC spectral ratio pyrometer with the measurement relative error of 1% (i. e. no less than 25(C).

2.3. Experimental matrix
The matrix of performed tests of the PRS series is presented in Tab. 2.2.
Table 2.2 - PRS series experimental matrix
	Test
	         Content, mass %

mol. %

	
	UO2
	SiO2

	PRS1
	80

47
	20

53

	PRS21)
	75

40
	25

60

	PRS3
	85

56
	15

44

	
	90

67
	10

33

	PRS81)
	75

40
	25

60

	
	66

30
	34

70

	
	60

25
	40

75

	PRS9
	93.1

75
	6.9

25


Note:
1) – initial compositions in two tests (2 and 8) of the PRS series are the same, though additional charging that modified composition of the initial charge was repeated two times in PRS8.
GPRS1-28 and 32 were performed in order to refine Tliq and miscibility gap boundaries and involved mixture melting in molybdenum crucibles followed by quenching.
Table 2.3 shows the experimental matrix of GPRS series.
Table 2.3 - GPRS series experimental matrix
	Test
	         Content, mass %

mol. %
	Annealing- hardening temperature(С
	Exposition time, min

	
	UO2
	SiO2
	
	

	GPRS1
	50.7

18.6
	49.3

81.4
	2050
	5

	GPRS2
	
	
	2080
	

	GPRS3
	
	
	2080
	10

	GPRS4
	
	
	2500
	1

	GPRS5
	80.0

47.0
	20.0

53.0
	2200
	

	GPRS6
	
	
	2300
	

	GPRS7
	
	
	2400
	

	GPRS8
	75.0

40.0
	25.0

60.0
	2100
	

	GPRS9
	
	
	2220
	

	GPRS10
	
	
	2300
	

	GPRS11
	85.0

56.0
	15.0

44.0
	2300
	

	GPRS12
	
	
	2400
	

	GPRS13
	
	
	2500
	

	GPRS14
	91.3

70.0
	8.7

30.0
	2125
	5

	GPRS15
	81.8

50.0
	18.2

50.0
	
	

	GPRS16
	75.0

40.0
	25.0

60.0
	
	

	GPRS17
	65.8

30.0
	34.2

70.0
	
	

	GPRS18
	91.3
70.0
	8.7
30.0
	2200
	10

	GPRS19
	87.1

60.0
	12.9

40.0
	
	

	GPRS20
	81.8

50.0
	18.2

50.0
	
	

	GPRS21
	75.0

40.0
	25.0

60.0
	
	

	GPRS22
	91.3
70.0
	8.7
30.0
	2300
	

	GPRS23
	87.1

60.0
	12.9

40.0
	
	

	GPRS24
	81.8

50.0
	18.2

50.0
	
	

	GPRS25
	75.0

40.0
	25.0

60.0
	
	

	GPRS26
	51.3

19.0
	48.7

81.0
	2200
	

	GPRS27
	51.3

19.0
	48.7

81.0
	2175
	

	GPRS28
	51.3

19.0
	48.7

81.0
	2160
	

	GPRS32
	51.3

19.0
	48.7

81.0
	2130
	


Thus, compositions used in PRS and GPRS series encompass a wide range of UO2 concentrations from 19 up to 93 mass %.

2.4. Analysis of the initial charge materials
During tests preparation, all charge components have been checked for the main substance content. In addition, the powdered urania was checked by thermogravimetry and the oxygen/uranium ratio was found to equal 2.0. [15, 16]. For IMCC, silicon oxide was introduced into the charge as a 100-200 µm powder mixed with urania. Metallic uranium was used in tests as the starter material.

Composition of charge components is presented in Tab. 2.4.

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

	Powdered UO2, <200 µm dispersivity
	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

	SiO2
	>98.5
	Fe-0.001, Pb-0.002, nitrogen -0.001, sulphates-0.01, chloride -0.001
	Passport data


For GPRS, the charge was obtained by crushing components and mixing them in the vibrating mill within two hours in an inert atmosphere (argon).
3. Experimental part
3.1. PRS experimental procedures
The PRS1-3, 9 experimental series was aimed at plotting the section of the liquidus line in the area significantly rich in UO2.

Initial compositions for tests of the PRS1-3 series are presented in Tab. 2.2. They were chosen so in order to cover the liquidus line section in the temperature range beyond capacity of other available methods.
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.

PRS1

The start-up heating, molten pool formation and its homogenization were carried out from 0 through 2850 s. The molten pool surface temperature was 2450С. At 2854 s, the pool depth and bottom crust thickness were measured and found to be 35 and 10 mm, respectively. At 2930, 3560 and 4030 s, melt samples were taken and then Tliq measured. At 4080 s, the HF heating was cut off and the ingot chilled in nitrogen.
The history of the melt surface temperature (Tm) and of the voltage (Ua) is shown in Fig. 3.1, while Figs. 3.2 – 3.4 show fragments of thermograms during Tliq measurement.
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Fig. 3.1 -History of the anode voltage (Ua) and pyrometer readings (Tmel) in PRS1
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Fig. 3.2 – A thermogram fragment from PRS1 test (s 3045 through 4047)
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Fig. 3.3 – A thermogram fragment from PRS1 test (s 3806 through 4811)
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Fig. 3.4 – A thermogram fragment from PRS1 test (s 4075 through 4080)
The measured Tliq values were 242550, 240050 and 238050 С. According to statistical processing of the measured temperatures, Tliq for the composition in question equals 240050С.
PRS2

The start-up heating, molten pool formation and its homogenization were carried out from 0 through 2640 s. The molten pool surface temperature was 2450С. At 2650 s, the pool depth and bottom crust thickness were measured and found to be 45 and 12 mm, respectively. Then, the crucible was moved out of the inductor in order to form films-crusts at the molten pool surface. At 3360, 3570 and 3730 s, melt samples were taken and then Tliq measured. At 4000 s, the HF heating was cut off and the ingot chilled in nitrogen.

The history of the melt surface temperature (Tm) and of the voltage (Ua) is shown in Fig. 3.5, while Figs. 3.6 – 3.8 show fragments of thermograms during Tliq measurement.
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Fig. 3.5 -History of the anode voltage (Ua) and pyrometer readings (Tmel) in PRS2
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Fig. 3.6 – A thermogram fragment from PRS2 test (s 3498 through 3505)
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Fig. 3.7 – A thermogram fragment from PRS2 test (s 3645 through 3680)
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Fig. 3.8 – A thermogram fragment from PRS2 test (s 3824 through 3836)
The processing of three thermograms has shown the measured Tliq to be 237050, 235050 and 235050С. According to statistical processing of the measured temperatures, Tliq for the composition in question equals 236050С.

When the melt cooled down to 2400-2500С, cold liquid/film (that looks darker in the pictures) on the pool surface was observed. Visual determination of the solid phase in this liquid failed. Still darker fragments that were showing in the cold liquid were the areas through which crystallization front spread when cooling progressed.
The characteristic crystallization picture is presented in Fig. 3.9. A dark liquid (film) with even darker fragments appears on the melt surface at approximately 2370С after the HF heating has been cut off. When the total surface is covered by the dark film, crystallization starts at approximately 2080С and progresses from the periphery to the center. During this process, it can be seen that droplets of even colder liquid emerge at the noncrystallized part of the surface. Presumably, crystallization of the refractory phase occurs on cold surfaces of the crucible when the HF heating is cut off, melt composition falls into the miscibility gap and there occurs separation of the second liquid, in which yet another liquid separates and starts crystallizing.
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Fig. 3.9 – A thermogram fragment from PRS2 test (s 3988 through 4012)
PRS3
PRS3 was aimed at studying two melt compositions, namely 85 UO2-15 SiO2 and 90 UO2-10 SiO2 (mass %). The start-up heating, molten pool formation and its homogenization were carried out from 0 through 1600 s. The molten pool surface temperature was 2550С. At 1610 s, the pool depth and bottom crust thickness were measured and found to be 34 and 6 mm, respectively. Then, the crucible was moved out of the inductor in order to form films-crusts at the molten pool surface. At 1880 and 2060 s, melt samples were taken and then Tliq measured. From 2340 through 3440 s, UO2 was added and molten pool homogenized for producing the second melt composition. At 3450 s, the pool depth and bottom crust thickness were measured and found to be 40 and 6 mm, respectively. Then, the crucible was moved out of the inductor in order to form films/crusts at the molten pool surface. At 3600, 3780 and 3970 s, melt samples were taken and then Tliq measured. At 4160 s, the HF heating was cut off and the ingot chilled in nitrogen.

The history of the melt surface temperature (Tm) and of the voltage (Ua) is shown in Fig. 3.10, while Figs. 3.11–3.15 show fragments of thermograms during Tliq measurement.
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Fig. 3.10 -History of the anode voltage (Ua) and pyrometer readings (Tmel) in PRS3
[image: image19.png]2500

2400

2000

2200

Temperature, °C

2100

2000

1500
1970 1e72 198 1986 138 19%0





Fig. 3.11 – A thermogram fragment from PRS3 test (s 1970 through 1990, compos.I)
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Fig. 3.12 – A thermogram fragment from PRS3 test (s 2170 through 2180, compos.I)
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Fig. 3.13 – A thermogram fragment from PRS3 test (s 3672 through 3680, compos.II)
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Fig. 3.14 – A thermogram fragment from PRS3 test (s 3810 through 3845, compos.II)
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Fig. 3.15 – A thermogram fragment from PRS3 test (s 4000 through 4018, compos.II)
The processing of five thermograms has shown the measured Tliq to be 240050, 240050C for the first composition and 249050, 247050 and 249050C for the second one. According to statistical evaluation of Tliq for the first and second compositions, the values are 240050С and 248050С, respectively.
PRS8

PRS8 was aimed at:

· Melt quenching in the miscibility gap and studying the immiscible liquids crystallization during IMCC;
· Video recording of visual effects on the molten pool surface when the melt composition shifts into the miscibility gap and the binodal temperature determination on the basis of the second liquid appearance on the melt surface.

PRS8 investigated three melt compositions during one test (see Tab. 2.2.) The start-up heating, molten pool formation and its homogenization were carried out from 0 through 780 s. The molten pool surface temperature was 2400 C. At 790 s, the pool depth and bottom crust thickness were measured and found to be 30 and 6 mm, respectively. At 940 s, the first melt sample was taken. From 1075 through 2130 s, the first portion of SiO2 was added and the second melt sample taken. From 2680 through 3060 s, power in the melt was decreased and the consequent appearance of solid areas on the melt surface observed (see Fig. 3.17 3007 s). From 3110 through 3520 s, the second portion of SiO2 was added and the third melt sample taken. After the addition of the second portion of SiO2 into the melt, a fundamental change in the flow and convective pattern on the molten pool surface was recorded (see Fig. 3.17, 3936 s, 4140 s). From 4280 through 4400 s, power in the melt was decreased again. As a result, a change in the convective pattern and appearance of solid areas on the melt surface were recorded (see Fig. 3.17 4382 s).
The history of the melt surface temperature (Tm) and of the voltage (Ua) is shown in Fig. 3.16.
A change in the convective pattern on the melt surface (Fig. 3.17) was recorded after the second and third portions of SiO2 had been added into the melt.
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Fig. 3.16 -History of the anode voltage (Ua) and pyrometer readings (Tmel) in PRS8
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Fig. 3.17 – Video frames of the molten pool surface from PRS8
PRS9

PRS9 was aimed at determining Tliq for the most refractory composition among those studied.

The initial composition used in the test is presented in Tab. 2.2. Its selection is explained by the need to ensure optimal operation of the Rasplav-4 facility.

The start-up heating, molten pool formation and its homogenization were carried out from 0 through 1003 s. The molten pool surface temperature was 2600С. At 1264 s, the pool depth and bottom crust thickness were measured and found to be 45 and 2 mm, respectively. Then, the crucible was moved out of the inductor in order to form films-crusts at the molten pool surface. At 1600, 1980 and 2212 s, the melt was sampled and then Tliq measured. At 2300 s, the HF heating was cut off and the ingot chilled in nitrogen.

The history of the melt surface temperature (Tm) and of the voltage (Ua) is shown in Fig. 3.18, while Figs. 3.19 – 3.21 show fragments of thermograms during Tliq measurement.

The processing of three thermograms has shown the measured Tliq to be 257060, 256060 and 254060С. Thus, the average Tliq of the composition studied in PRS 9 equals 256060С.
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Fig. 3.18 -History of the anode voltage (Ua) and pyrometer readings (Tmel) in PRS9
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Fig. 3.19 – A thermogram fragment from PRS9 test (s 1820 through 1840)
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Fig. 3.20 – A thermogram fragment from PRS9 test (s 2060 through 2080)
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Fig. 3.21 – A thermogram fragment from PRS9 test (s 2297 through 3307)
3.2. GPRS experimental procedures
Procedures of all GPRS tests were similar and included:
· Crucible weighing;
· Filling of the crucible with charge and ramming;

· Weighing of the charge-loaded crucible;
· Placing of the crucible in the furnace;
· Furnace vacuumization and filling with the argon-hydrogen mixture (Ar+4.2 vol % H2) at 3 Bar;

· Switching-on of heating and exposure at 1200(С for 5 min;
· Stepwise heating up to the specified temperature;
· Specimen exposure for 1 min with its subsequent dumping into quenching chamber (7 Fig 2.4).

· Crucible withdrawal from the chamber after cooling, axial cutting and polished section preparation for SEM/EDX analysis.
4. Posttest analyses
4.1. Ingot macrostructure
Furnace disassembly after PRS1-3, 8, 9 has revealed aerosol deposits on the crucible section walls (Fig. 4.1, examples from PRS1, 8). Crusts were about 1-2 mm thick, which means that practically all charge was melted during the tests.
After the tests, ingots were extracted from the crucible, weighed, embedded in epoxy and axially cut. Halves of these ingots were used for cutting out fine sections for the SEM/EDX analyses, while the other halves were used for preparing average samples for physicochemical analyses. Fig. 4.2 shows axial cuts of ingots from PRS1-3, 8, 9.
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Fig. 4.1 – Crucible after the test
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Fig. 4.2 – Axial cuts from ingots from PRS1-3, 8 and 9
4.2. 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 PRS1-3, 8, 9  are summarized in Tab. 4.1.

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 PRS1-3, 8, 9 are summarized in Tab. 4.1.
Table 4.1 – Material balances from PRS1-3, 8, 9

	Test
	Introduced into the melt, g
	Gathered, g

	PRS1
	UO2
	805.30
	Ingot
	526.80

	
	SiO2
	204.00
	Melt samples
	6.13

	
	U
	9.40
	Rod sample
	1.99

	
	
	
	Aerosols
	225.57

	
	
	
	Crust above the melt
	149.40

	
	
	
	Dry spillages1)
	110.10

	
	Σ
	1018.70
	Σ
	1019.99

	
	Debalance
	+1.29

	PRS2
	UO2
	736.4
	Ingot
	644.6

	
	SiO2
	250.0
	Melt samples
	11.8

	
	U
	12.0
	Rod sample
	3.0

	
	
	
	Aerosols
	160.6

	
	
	
	Crust above the melt
	101.5

	
	
	
	Bottom crust
	49.1

	
	
	
	Dry spillages1)
	29.2

	
	Σ
	998.4
	Σ
	999.8

	
	Debalance
	+1.4

	PRS3
	UO2
	1336.4
	Ingot
	1140.0

	
	SiO2
	150.0
	Melt samples
	22.7

	
	U
	12.0
	Rod sample
	7.5

	
	
	
	Aerosols
	243.7

	
	
	
	Crust above the melt
	67.3

	
	
	
	Dry spillages1)
	19.1

	
	Σ
	1498.4
	Σ
	1500.3

	
	Debalance
	+1.9

	PRS8
	UO2
	490.12
	Ingot
	558.29

	
	SiO2
	326.04
	Melt samples
	18.13

	
	U
	25.00
	Rod sample
	2.26

	
	
	
	Aerosols
	142.28

	
	
	
	Crust above the melt
	76.87

	
	
	
	Dry spillages1)
	46.75

	
	Σ
	841.16
	Σ
	844.58

	
	Debalance
	+3.42

	PRS9
	UO2
	1456.44
	Ingot
	1272.20

	
	SiO2
	105.08
	Melt samples
	21.01

	
	U
	10.00
	Rod sample
	5.00

	
	
	
	Aerosols
	169.79

	
	
	
	Crust above the melt
	71.38

	
	
	
	Dry spillages1)
	29.11

	
	Σ
	1571.52
	Σ
	1568.49

	
	Debalance
	-3.03


Note:

1) “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly.
4.3. Chemical analysis
Samples for chemical analysis were taken from the fused products from PRS1-3, 8, 9. The samples were crushed down into particles below 100 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. 4.2-4.6 present the results of the fused products chemical analysis and elemental material balance from PRS1-3, 8, 9 recalculated into oxides. Only the content of U was determined chemically; the result was then recalculated into UO2 and SiO2 was calculated from the residue.

Table 4.2 – Chemical analysis data on the fused products from PRS1

	Item
	Content U, 
mass %
	Mass, g
	Content (recalculated into oxides), mass %
	Content (recalculated into oxides), mol. %
	Mass, g

	
	
	
	UO2
	SiO21)
	UO2
	SiO21)
	UO2
	SiO2

	Rod sample
	69.90
	1.99
	79.30
	20.70
	46.02
	53.98
	1.58
	0.41

	Melt sample #1
	69.90
	1.18
	79.30
	20.70
	46.02
	53.98
	0.94
	0.24

	Melt sample #2
	76.19
	2.00
	86.43
	13.57
	58.63
	41.37
	1.73
	0.27

	Melt sample #3
	76.70
	2.95
	87.01
	12.99
	59.85
	40.15
	2.57
	0.38

	Ingot 
	72.90
	526.80
	82.70
	17.30
	51.54
	48.46
	435.66
	91.14

	Crust above the melt
	71.25
	149.40
	80.83
	19.17
	48.41
	51.59
	120.76
	28.64

	Aerosols from LAF
	60.00
	108.65
	68.07
	31.93
	32.17
	67.83
	73.95
	34.70

	Aerosols from the quartz tube
	58.95
	16.68
	66.87
	33.13
	30.99
	69.01
	11.15
	5.53

	Aerosols from crucible sections
	65.30
	100.24
	74.08
	25.92
	38.87
	61.13
	74.26
	25.98

	Dry spillages
	77.43
	110.10
	87.85
	22.25
	46.77
	53.23
	96.72
	24.50

	Collected, g
	819.31
	211.80

	Introduced, g
	815.96
	204.00

	Imbalance, g
	+3.35
	-7.80


Note: 1) – calculated from the residue 
Table 4.3 – Chemical analysis data on the fused products from PRS2

	Item
	Content U, 
mass %
	Mass, g
	Content (recalculated into oxides), mass %
	Content (recalculated into oxides), mol. %
	Mass, g

	
	
	
	UO2
	SiO21)
	UO2
	SiO21)
	UO2
	SiO2

	Melt sample #1
	67.9
	3.2
	77.03
	22.97
	42.73
	57.27
	2.46
	0.74

	Melt sample #2
	68.5
	3.6
	77.71
	22.29
	43.69
	56.31
	2.80
	0.80

	Melt sample #3
	64.2
	5
	72.83
	27.17
	37.36
	62.64
	3.64
	1.36

	Ingot 
	68.3
	644.6
	77.48
	22.52
	43.36
	56.64
	499.45
	145.15

	Crust above the melt
	65.9
	101.5
	74.76
	25.24
	39.73
	60.27
	75.88
	25.62

	Dry spillages
	58.3
	29.2
	66.14
	33.86
	30.30
	69.70
	19.31
	9.89

	Bottom crust
	54
	49.1
	61.26
	38.74
	26.03
	73.97
	30.08
	19.02

	Aerosols from LAF
	61
	110.9
	69.2
	30.8
	33.33
	66.67
	76.74
	34.16

	Rod sample
	61.1
	3
	69.31
	30.69
	33.45
	66.55
	2.08
	0.92

	Aerosols from the quartz tube
	63.8
	49.7
	72.38
	27.62
	36.83
	63.17
	35.97
	13.73

	Collected, g
	748.42
	251.38

	Introduced, g
	750.01
	250.00

	Imbalance, g
	-1.60
	+1.38


Note: 1) – calculated from the residue 

Table 4.4 – Chemical analysis data on the fused products from PRS3
	Item
	Content U, 
mass %
	Mass, g
	Content (recalculated into oxides), mass %
	Content (recalculated into oxides), mol. %
	Mass, g

	
	
	
	UO2
	SiO21)
	UO2
	SiO21)
	UO2
	SiO2

	Melt sample #1
	76.5
	1.1
	86.78
	13.22
	59.36
	40.64
	0.95
	0.15

	Melt sample #2
	76.5
	2.9
	86.78
	13.22
	59.36
	40.64
	2.52
	0.38

	Melt sample #3
	77.1
	5.5
	87.46
	12.54
	60.81
	39.19
	4.81
	0.69

	Melt sample #4
	79.3
	6.6
	89.96
	10.04
	66.60
	33.40
	5.94
	0.66

	Melt sample #5
	80.5
	6.6
	91.32
	8.68
	70.07
	29.93
	6.03
	0.57

	Ingot 
	79.8
	1140.0
	90.47
	9.53
	67.87
	32.13
	1031.37
	108.63

	Crust above the melt
	78.0
	67.3
	88.49
	11.51
	63.11
	36.89
	59.55
	7.75

	Bottom crust
	54.6
	19.1
	61.94
	38.06
	26.59
	73.41
	11.83
	7.27

	Aerosols
	78.0
	243.7
	88.49
	11.51
	63.11
	36.89
	215.64
	28.06

	Rod sample
	78.1
	7.5
	88.6
	11.4
	63.36
	36.64
	6.64
	0.86

	Collected, g
	1345.28
	155.02

	Introduced, g
	1350.01
	150.00

	Imbalance, g
	-4.73
	+5.02


Note:
 1) – calculated from the residue 

Table 4.5 – Chemical analysis data on the fused products from PRS8
	Item
	Content U, 
mass %
	Mass, g
	Content (recalculated into oxides), mass %
	Content (recalculated into oxides), mol. %
	Mass, g

	
	
	
	UO2
	SiO21)
	UO2
	SiO21)
	UO2
	SiO2*

	Melt sample #1
	66.9
	2.99
	75.89
	24.11
	41.19
	58.81
	2.27
	0.72

	Melt sample #2
	59.8
	4.84
	67.78
	32.22
	31.89
	68.11
	3.28
	1.56

	Melt sample #3
	53.8
	5.35
	60.98
	39.02
	25.80
	74.20
	3.26
	2.09

	Melt sample #4
	51.1
	4.95
	57.91
	42.09
	23.44
	76.56
	2.87
	2.08

	Crust above the melt 
	47.9
	76.87
	54.34
	45.66
	20.94
	79.06
	41.77
	35.10

	Dry spillages
	56.4
	46.75
	63.98
	36.02
	28.33
	71.67
	29.91
	16.84

	Aerosols from the quartz tube
	44.6
	13.64
	50.60
	49.40
	18.56
	81.44
	6.90
	6.74

	Aerosols from crucible sections
	47.5
	93.37
	53.89
	46.11
	20.64
	79.36
	50.31
	43.06

	Aerosols from LAF
	48.5
	35.27
	55.02
	44.98
	21.39
	78.61
	19.41
	15.86

	Rod sample
	66.9
	2.26
	75.89
	24.11
	41.19
	58.81
	1.72
	0.54

	Собрали, г
	161.70
	124.59

	Ввели, г
	518.48
	326.04

	Слиток2)
	63.91
	36.09
	31.27
	68.73
	356.78
	201.45


Note:
 1) – calculated from the residue 

2)  - the ingot was not analyzed, so its composition presented in Tab. 4.5 has been obtained numerically.
Table 4.6 – Chemical analysis data on the fused products from PRS9
	Item
	Content U, 
mass %
	Mass, g
	Content (recalculated into oxides), mass %
	Content (recalculated into oxides), mol. %
	Mass, g

	
	
	
	UO2
	SiO21)
	UO2
	SiO21)
	UO2
	SiO2

	Melt sample #1
	83.00
	6.32
	94.16
	5.84
	78.20
	21.80
	5.95
	0.37

	Melt sample #2
	82.58
	7.73
	93.68
	6.32
	76.73
	23.27
	7.24
	0.49

	Melt sample #3
	82.65
	6.96
	93.76
	6.24
	76.98
	23.02
	6.52
	0.43

	Ingot 
	84.21
	5.00
	95.53
	4.47
	82.63
	17.37
	4.78
	0.22

	Crust above the melt
	86.21
	1272.20
	97.80
	2.20
	90.82
	9.18
	1244.17
	28.03

	Dry spillages
	80.60
	71.38
	91.44
	8.56
	70.39
	29.61
	65.27
	6.11

	Aerosols from LAF
	84.38
	32.14
	95.72
	4.28
	83.27
	16.73
	30.77
	1.38

	Aerosols from the quartz tube
	52.81
	36.16
	59.91
	40.09
	24.95
	75.05
	21.67
	14.50

	Collected, g
	1471.54
	99.98

	Introduced, g
	1467.78
	105.08

	Imbalance, g
	+3.75
	-5.10


Note: 

1) – calculated from the residue 

4.4. SEM/EDX
4.4.1. Tests of the PRS series
PRS1
Figs. 4.3-4.14 and the corresponding Tabs. 4.7-4.17 contain SEM/EDX data on melt samples taken during the test and on the ingot from PRS1.

Figs. 4.3-4.4 show microstructure of melt samples taken at a temperature close to Tliq of the system with the given composition. Notable is the cellular structure of samples with the characteristic cell size of 10-15 µm. The heterogenic cell structure has been formed by the UO2- and SiO2-based phases. The intercellular space is most likely filled with a SiO2-based phase. A microstructure of this type can indirectly evidence the presence of a substance compositionally close to USiO4, which either has no area of stable existence at all, or is stable within a narrow temperature range and decays easily at a temperature drop.

Microstructurally, the melt samples and the crystallized ingot from PRS1 demonstrate the cellular nature and presence of two phases. Some areas have an expressed cellular structure with the characteristic cell width of about 50-100 µm and length of about 200-500 µm. The cells are oriented along the temperature gradient; they are heterophase, with submicron grain size of phases (area 1-2-1-1, Fig. 4.6). Composition of these areas corresponds to the SiO2 content of 53.5±1.0 mol. %. Also, there exist areas with SiO2-rich orbicular inclusions quite evenly spread throughout the microstructure (e.g., area 1-1, Fig. 4.6). The cellular structure and cell composition (apart from the orbicular inclusions) is preserved in these areas. These areas are rich in SiO2 (64.4±0.5 mol. %). In terms of composition, the observed orbicular inclusions are close to a liquid on the SiO2 side at the monotectic temperature (e.g., Fig. 4.10, area 5, P1 point). The wall area contains a refractory phase (the primary crystallization phase) layer which is also heterogenic (Fig. 4.8, area 3). Composition of the layer is presented in Tab. 4.11 and corresponds to the SiO2 content of 45.2 mol. %, while composition of cells with the heterophase structure corresponds to 45.9±1.6 mol. % of SiO2 in this layer within the error limits.

The observed microstructural and compositional inhomogeneity are due, in the first place, to specifics of producing and cooling viscous silicate melts.
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Fig. 4.3 – Microstructure of the quenched melt sample 1 from PRS1
Table 4.7 -EDX data on sample 1

	#
	UO2
	SiO2

	SQ1
	mass %
	83.33
	16.67

	
	мол.%
	52.67
	47.33

	P1
	mass %
	84.74
	15.26

	
	mol.%
	55.26
	44.74
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Fig. 4.4 – Microstructure of the quenched melt samples #2 and #3 from PRS1
Table 4.8 -EDX data on samples 2 and 3
	#
	UO2
	SiO2

	SQ1
	mass %
	83.60
	16.40

	
	mol.%
	53.15
	46.85

	SQ2
	mass %
	85.48
	14.52

	
	mol.%
	56.72
	43.28

	P1
	mass %
	84.49
	15.51

	
	mol.%
	54.79
	45.21

	P2
	mass %
	86.89
	13.11

	
	mol.%
	59.60
	40.40
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Fig. 4.5 -A polished section from PRS1 with regions marked for the SEM/EDX analysis
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Fig. 4.6 -Micrograph of region 1

Table 4.9 -EDX data on region 1 
	#
	UO2
	SiO2

	SQ1
	mass %
	75.73
	24.27

	
	mol.%
	40.98
	59.02

	SQ2
	mass %
	85.10
	14.90

	
	mol.%
	55.97
	44.03

	SQ3
	mass %
	78.24
	21.76

	
	mol.%
	44.44
	55.56

	SQ4
	mass %
	83.88
	16.12

	
	mol.%
	53.66
	46.34

	SQ5
	mass %
	79.64
	20.36

	
	mol.%
	46.54
	53.46

	SQ6
	mass %
	82.75
	17.25

	
	mol.%
	51.64
	48.36

	P1
	mass %
	86.15
	13.85

	
	mol.%
	58.06
	41.94

	P2
	mass %
	12.51
	87.49

	
	mol.%
	3.08
	96.92

	P3
	mass %
	89.84
	10.16

	
	mol.%
	66.30
	33.70

	P4
	mass %
	94.56
	5.44

	
	mol.%
	79.44
	20.56

	P5
	mass %
	32.49
	67.51

	
	mol.%
	9.67
	90.33
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Fig. 4.7- Micrographs of region 2. PRS1
Table 4.10 -EDX data on region 2
	#
	UO2
	SiO2

	SQ1
	mass %
	83.61
	16.39

	
	mol.%
	53.17
	46.83
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Fig. 4.8- Micrographs of region 3. PRS1
Table 4.11 -EDX data on region 3
	#
	UO2
	SiO2

	SQ1
	mass %
	84.52
	15.48

	
	mol.%
	54.85
	45.15
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Fig. 4.9- Micrographs of region 4. PRS1
Table 4.12 -EDX data on region 4
	#
	UO2
	SiO2

	SQ1
	mass %
	78.35
	21.65

	
	mol.%
	44.61
	55.39

	SQ2
	mass %
	84.80
	15.20

	
	mol.%
	55.39
	44.61
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Fig. 4.10- Micrographs of region 5. PRS1
Table 4.13 -EDX data on region 5
	#
	UO2
	SiO2

	SQ1
	mass %
	74.91
	25.09

	
	mol.%
	39.92
	60.08

	SQ2
	mass %
	73.42
	26.58

	
	mol.%
	38.07
	61.93

	P1
	mass %
	40.03
	59.97

	
	mol.%
	12.93
	87.07
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Fig. 4.11- Micrographs of regions 6,7. PRS1
Table 4.14 -EDX data on region 7
	#
	UO2
	SiO2

	SQ1
	mass %
	77.70
	22.30

	
	mol.%
	43.68
	56.32
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Fig. 4.12 - Micrographs of region 8. PRS1
Table 4.15 -EDX data on region 8
	#
	UO2
	SiO2

	SQ1
	mass %
	73.31
	26.69

	
	mol.%
	37.94
	62.06
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Fig. 4.13 - Micrographs of region 9. PRS1
Table 4.16 -EDX data on region 9
	#
	UO2
	SiO2

	SQ1
	mass %
	69.38
	30.62

	
	mol.%
	33.52
	66.48
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Fig. 4.14 - Micrographs of regions 10 and 11. PRS1
Table 4.17 -EDX data on region 10
	#
	UO2
	SiO2

	SQ1
	mass %
	79.38
	20.62

	
	mol.%
	46.14
	53.86


PRS2
Figs. 4.15-4.28 and the corresponding Tabs. 4.18-4.26 contain SEM/EDX data on melt samples taken during the test and on the ingot from PRS2.

Figs. 4.15-4.17 show microstructure of melt samples taken at a temperature close to Tliq of the system with the given composition. Structurally, the samples are cellular, with the characteristic cell size of 10-15 µm. However, in contrast to the samples taken in PRS1, SiO2-rich orbicular inclusions are evenly spread throughout the samples in PRS2. Size of these inclusions varies from µm fractions (Fig. 4.16, area 1-2-1) up to several µms (Fig. 4.17, area 3-2-1). It should be noted that in this case cell boundaries are significantly thinner and more discontinuous.

Microstructure of the crystallized ingot from PRS2 is similar to that of the ingot from PRS1 with the only difference that the number of SiO2-rich orbicular inclusions is bigger (e.g., area 4-1, Fig.4.22) and the SiO2-rich intercellular areas also occur (e.g., area 1-3-1-1, Fig. 4.19, or area 2-3, Fig. 4.20).

The primary crystallization layer has a heterophase structure (that corresponds to the SiO2 content of 52.9 mol. %) and differs from the layer obtained in PRS1. Cell composition corresponds to the SiO2 content of 48.8 mol. %.
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Fig. 4.15 – Microstructure of the quenched melt sample 1 from PRS2
Table 4.18 -EDX data on sample 1

	#
	UO2
	SiO2

	SQ1
	mass %
	76.11
	23.89

	
	mol.%
	41.48
	58.52

	SQ2
	mass %
	77.52
	22.48

	
	mol.%
	43.42
	56.58

	SQ3
	mass %
	78.96
	21.04

	
	mol.%
	45.51
	54.49

	SQ4
	mass %
	79.08
	20.92

	
	mol.%
	45.69
	54.31
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Fig. 4.16 – Microstructure of the quenched melt sample 2 from PRS2
Table 4.19 -EDX data on sample 2

	#
	UO2
	SiO2

	SQ1
	mass %
	77.67
	22.33

	
	mol.%
	43.63
	56.37

	SQ2
	mass %
	78.80
	21.20

	
	mol.%
	45.27
	54.73

	SQ3
	mass %
	78.79
	21.21

	
	mol.%
	45.25
	54.75

	SQ4
	mass %
	77.41
	22.59

	
	mol.%
	43.26
	56.74

	SQ5
	mass %
	77.43
	22.57

	
	mol.%
	43.29
	56.71

	P1
	mass %
	86.63
	13.37

	
	mol.%
	59.05
	40.95

	P2
	mass %
	59.10
	40.90

	
	mol.%
	24.33
	75.67
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Fig. 4.17 – Microstructure of the quenched melt sample 3 from PRS2
Table 4.20 -EDX data on sample 3
	#
	UO2
	SiO2

	SQ1
	mass %
	72.76
	27.24

	
	mol.%
	37.28
	62.72

	SQ2
	mass %
	79.28
	20.72

	
	mol.%
	45.99
	54.01

	SQ3
	mass %
	80.05
	19.95

	
	mol.%
	47.16
	52.84

	SQ4
	mass %
	78.10
	21.90

	
	mol.%
	44.24
	55.76

	SQ5
	mass %
	67.46
	32.54

	
	mol.%
	31.56
	68.44

	SQ6
	mass %
	69.41
	30.59

	
	mol.%
	33.55
	66.45

	P1
	mass %
	84.25
	15.75

	
	mol.%
	54.35
	45.65

	P2
	mass %
	18.68
	81.32

	
	mol.%
	4.86
	95.14

	P3
	mass %
	92.07
	7.93

	
	mol.%
	72.10
	27.90

	P4
	mass %
	27.77
	72.23

	
	mol.%
	7.88
	92.12
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Fig. 4.18 -A polished section from PRS2 with regions marked for the SEM/EDX analysis
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Fig. 4.19 -Micrograph of region 1. PRS2
Table 4.21 -EDX data on region 1 
	#
	UO2
	SiO2

	SQ1
	mass %
	80.03
	19.97

	
	mol.%
	47.14
	52.86

	SQ2
	mass %
	70.84
	29.16

	
	mol.%
	35.09
	64.91

	P1
	mass %
	81.68
	18.32

	
	mol.%
	49.79
	50.21

	P2
	mass %
	6.19
	93.81

	
	mol.%
	1.45
	98.55
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Fig. 4.20 -Micrograph of region 2. PRS2
Table 4.22 -EDX data on region 2
	#
	UO2
	SiO2

	SQ1
	mass %
	79.14
	20.86

	
	mol.%
	45.77
	54.23

	SQ2
	mass %
	85.34
	14.66

	
	mol.%
	56.44
	43.56

	SQ3
	mass %
	85.72
	14.28

	
	mol.%
	57.19
	42.81


[image: image53.png]



Fig. 4.21 -Micrograph of region 3. PRS2
Table 4.23 -EDX data on region 3
	#
	UO2
	SiO2

	SQ1
	mass %
	86.22
	13.78

	
	mol.%
	58.20
	41.80

	SQ2
	mass %
	75.91
	24.09

	
	mol.%
	41.22
	58.78
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Fig. 4.22 -Micrograph of region 4. PRS2
Table 4.24 -EDX data on region 4 
	#
	UO2
	SiO2

	SQ1
	mass %
	53.46
	46.54

	
	mol.%
	20.36
	79.64

	SQ2
	mass %
	15.30
	84.70

	
	mol.%
	3.87
	96.13

	SQ3
	mass %
	82.51
	17.49

	
	mol.%
	51.20
	48.80

	P1
	mass %
	90.13
	9.87

	
	mol.%
	67.02
	32.98
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Fig. 4.23 -Micrograph of region 5. PRS2
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Fig. 4.24 -Micrograph of region 6. PRS2
Table 4.25 -EDX data on region 6
	#
	UO2
	SiO2

	SQ1
	mass %
	71.14
	28.86

	
	mol.%
	35.42
	64.58

	SQ2
	mass %
	77.24
	22.76

	
	mol.%
	43.02
	56.98
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Fig. 4.25 -Micrograph of region 7. PRS2
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Fig. 4.26 -Micrograph of region 8. PRS2
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Fig. 4.27 -Micrograph of region 9. PRS2
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Fig. 4.28 -Micrograph of region 10. PRS2
Table 4.26 -EDX data on region 10
	#
	UO2
	SiO2

	SQ1
	mass %
	71.79
	28.21

	
	mol.%
	36.15
	63.85

	P1
	mass %
	69.09
	30.91

	
	mol.%
	33.21
	66.79


PRS3
Figs. 4.29-4.39 and the corresponding Tabs. 4.27-4.36 contain SEM/EDX data on melt samples taken during the test and on the ingot from PRS3.

Figs. 4.29-4.33 present microstructure of melt samples taken during PRS3 taken at a temperature close to Tliq of the system with the given composition. The samples have a granular structure with the characteristic grain size of 10-15 µm. However, in contrast to the samples from PRS1, UO2 dendrites are observed in centers of cells in the samples’ periphery (e.g., area 2-1-2, Fig. 4.30), while the remaining space of the cell has a structure similar to that observed in PRS1 and PRS2. Since these areas are rich in UO2 relative to stoichiometry of the supposed USiO4 compound, formation of the above-mentioned structure confirms the presence of the latter compound in the high-temperature domain of the diagram.

Microstructure of the crystallized ingot from PRS3 is similar to that of melt samples. Elongated UO2 dendrites can be observed (e.g., area 2-2, Fig. 4.30) with a microheterogeneous structure (with the UO2/SiO2 ratio close to 1:1) crystallized inbetween. The share of this structure is even bigger than that of the dendritic phase in the shrinkage cavity area (e.g., area 7, Fig. 4.39).
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Fig. 4.29 – Microstructure of the quenched melt sample 1 from PRS3
Table 4.27 -EDX data on sample 1

	#
	UO2
	SiO2

	SQ1
	mass %
	85.87
	14.13

	
	mol.%
	57.49
	42.51

	SQ2
	mass %
	89.50
	10.50

	
	mol.%
	65.49
	34.51

	SQ3
	mass %
	89.81
	10.19

	
	mol.%
	66.24
	33.76

	SQ4
	mass %
	89.23
	10.77

	
	mol.%
	64.82
	35.18

	SQ5
	mass %
	89.10
	10.90

	
	mol.%
	64.54
	35.46
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Fig. 4.30 – Microstructure of the quenched melt sample 2 from PRS3
Table 4.28 -EDX data on sample 2
	#
	UO2
	SiO2

	SQ1
	mass %
	88.22
	11.78

	
	mol.%
	62.50
	37.50

	SQ2
	mass %
	90.55
	9.45

	
	mol.%
	68.08
	31.92

	SQ3
	mass %
	89.10
	10.90

	
	mol.%
	64.53
	35.47

	P1
	mass %
	98.53
	1.47

	
	mol.%
	93.73
	6.27

	P2
	mass %
	84.06
	15.94

	
	mol.%
	53.99
	46.01
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Fig. 4.31 – Microstructure of the quenched melt sample 3 from PRS3
Table 4.29 -EDX data on sample 3
	#
	UO2
	SiO2

	SQ1
	mass %
	90.88
	9.12

	
	mol.%
	68.91
	31.09

	SQ2
	mass %
	91.96
	8.04

	
	mol.%
	71.79
	28.21

	SQ3
	mass %
	92.45
	7.55

	
	mol.%
	73.15
	26.85

	P1
	mass %
	99.71
	0.29

	
	mol.%
	98.72
	1.28

	P2
	mass %
	86.71
	13.29

	
	mol.%
	59.21
	40.79
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Fig. 4.32 – Microstructure of the quenched melt sample 4 from PRS3
Table 4.30 -EDX data on sample 4
	#
	UO2
	SiO2

	SQ1
	mass %
	90.74
	9.26

	
	mol.%
	68.56
	31.44

	SQ2
	mass %
	92.41
	7.59

	
	mol.%
	73.04
	26.96

	SQ3
	mass %
	91.48
	8.52

	
	mol.%
	70.49
	29.51

	SQ4
	mass %
	93.85
	6.15

	
	mol.%
	77.26
	22.74

	P1
	mass %
	99.30
	0.70

	
	mol.%
	96.95
	3.05

	P2
	mass %
	87.86
	12.14

	
	mol.%
	61.69
	38.31
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Fig. 4.33 – Microstructure of the quenched melt sample 5 from PRS3
Table 4.31 -EDX data on sample 5
	#
	UO2
	SiO2

	SQ1
	mass %
	90.43
	9.57

	
	mol.%
	67.76
	32.24

	SQ2
	mass %
	92.14
	7.86

	
	mol.%
	72.28
	27.72

	SQ3
	mass %
	92.07
	7.93

	
	mol.%
	72.11
	27.89

	SQ4
	mass %
	94.43
	5.57

	
	mol.%
	79.03
	20.97

	P1
	mass %
	99.53
	0.47

	
	mol.%
	97.92
	2.08

	P2
	mass %
	87.07
	12.93

	
	mol.%
	59.98
	40.02
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Fig. 4.34 -A polished section from PRS3 with regions marked for the SEM/EDX analysis
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Fig. 4.35 -Micrograph of region 1. PRS3
Table 4.32 -EDX data on region 1
	#
	UO2
	SiO2

	SQ1
	mass %
	87.57
	12.43

	
	mol.%
	61.06
	38.94

	P1
	mass %
	99.74
	0.26

	
	mol.%
	98.84
	1.16

	P2
	mass %
	99.73
	0.27

	
	mol.%
	98.78
	1.22

	P3
	mass %
	84.71
	15.29

	
	mol.%
	55.21
	44.79

	P4
	mass %
	12.21
	87.79

	
	mol.%
	3.00
	97.00
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Fig. 4.36 -Micrograph of region 2. PRS3

Table 4.33 -EDX data on region 2

	#
	UO2
	SiO2

	SQ1
	mass %
	88.98
	11.02

	
	mol.%
	64.24
	35.76

	SQ2
	mass %
	88.49
	11.51

	
	mol.%
	63.11
	36.89
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Fig. 4.37 -Micrographs of regions 3,4. PRS3

Table 4.34 -EDX data on region 3 and 4

	#
	UO2
	SiO2

	SQ1
	mass %
	88.03
	11.97

	
	mol.%
	62.07
	37.93

	SQ2
	mass %
	88.86
	11.14

	
	mol.%
	63.95
	36.05
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Fig. 4.38 -Micrographs of regions 5 and 6. PRS3

Table 4.35 -EDX data on regions 5 and 6

	#
	UO2
	SiO2

	SQ1
	mass %
	87.76
	12.24

	
	mol.%
	61.46
	38.54

	SQ2
	mass %
	87.41
	12.59

	
	mol.%
	60.70
	39.30
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Fig. 4.39 -Micrograph of region 7. PRS3

Table 4.36 -EDX data on region 7

	#
	UO2
	SiO2

	SQ1
	mass %
	87.90
	12.10

	
	mol.%
	61.78
	38.22

	SQ2
	mass %
	86.60
	13.40

	
	mol.%
	58.99
	41.01


PRS8
Figs. 4.40-4.54 and the corresponding Tabs. 4.37-4.48 contain SEM/EDX data on melt samples taken during the test and on the ingot from PRS8.

Figs. 4.40-4.44 show microstructure of melt samples from PRS8. Structure of melt samples 1 and 2 is similar to that of samples from PRS2, while microstructure of melt samples 3 and 4 differs significantly due to the presence of the amoeboid structure observed in GCORD5 and GCORD6 [8]. It should be noted that composition of zones with a uniform macrostructure is close to that of the amoeboid structure (e.g., areas 1-1 and 1-3 in sample 3, Fig. 4.42). Most likely, such a structure has the nonequilibrium nature and is related to the cooling process of the system in the area of liquid phase stratification.
Microstructurally, the crystallized ingot from PRS8 is extremely inhomogeneous throughout its volume. Nevertheless, it is possible to identify a number of characteristic features and effects which accompany crystallization of the segregating melt. In the first place, it is a structure composed of the alternating layers, one of which is rich in UO2 and the other – in SiO2. Towards the central part of the ingot, the structure period (layer size) increases (compare, e.g., area 1-1 in Fig. 4.46; area 2 in Fig. 4.47; areas “3 and 4” in Figs. 4.47 and 4.48 which represent UO2- and SiO2–rich macrolayers with the characteristic size of several mm, which do not fit one visual field even at the lowest SEM magnification). The crystallization picture observed for the UO2-rich layers is similar to that in the central zone in PRS2. The picture characteristic of the SiO2-rich layer shows uneven distribution of orbicular UO2 inclusions in the SiO2 matrix. The observed gradients in concentration and direction of the structure make it possible to speak of the viscous flow of the given layer (e.g., area 4-1-1, Fig. 4.49). It is interesting to note that fronts of two described layers demonstrate instabilities which reveal themselves in the presence of orbicular inclusions with the emulsified structure (area 5-2, Fig. 4.50) and of concentration waves (area 5-3, 5-4, Fig. 4.50). Composition of these zones practically does not differ from that of the layer in which they are observed (squares SQ1-SQ3, Tab. 4.45). Thus, it follows from the microstructure analysis that information on the equilibrium stratification in the system could not be obtained despite the presence of signs of stratification. It is associated with peculiarities of melt behavior under IMCC conditions, as well as with the fact that isothermal exposure of the melt was performed at a temperature that was significantly higher than the miscibility gap critical point in the UO2-SiO2 system. Thus, in order to avoid the factors associated with peculiarities of siliceous melts under IMCC conditions, further investigations in the miscibility gap employed VPA in the Galakhov microfurnace, while the IMCC technique was used for refining data on the UO2-rich domain of the system.
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Fig. 4.40 – Microstructure of the quenched melt sample 1 from PRS8
Table 4.37 -EDX data on sample 1
	#
	UO2
	SiO2

	SQ1
	mass %
	73.1
	26.9

	
	mol.%
	37.7
	62.3

	SQ2
	mass %
	72.7
	27.3

	
	mol.%
	37.2
	62.8

	SQ3
	mass %
	76.1
	24.0

	
	mol.%
	41.4
	58.6

	SQ4
	mass %
	76.0
	24.0

	
	mol.%
	41.4
	58.7

	P1
	mass %
	81.9
	18.1

	
	mol.%
	50.2
	49.8
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Fig. 4.41 – Microstructure of the quenched melt sample 2 from PRS8
Table 4.38 -EDX data on sample 2

	#
	UO2
	SiO2

	SQ1
	mass %
	58.9
	41.1

	
	mol.%
	24.2
	75.8

	SQ2
	mass %
	63.2
	36.9

	
	mol.%
	27.6
	72.4

	SQ3
	mass %
	62.9
	37.1

	
	mol.%
	27.4
	72.6

	SQ4
	mass %
	61.9
	38.1

	
	mol.%
	26.5
	73.5
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Fig. 4.42 – Microstructure of the quenched melt sample 3 from PRS8
Table 4.39 -EDX data on sample 

	#
	UO2
	SiO2

	SQ1
	mass %
	51.4
	48.6

	
	mol.%
	19.0
	81.0

	SQ2
	mass %
	52.3
	47.7

	
	mol.%
	19.6
	80.4

	SQ3
	mass %
	72.8
	27.3

	
	mol.%
	37.3
	62.7

	SQ4
	mass %
	46.1
	53.9

	
	mol.%
	16.0
	84.0

	SQ5
	mass %
	74.5
	25.5

	
	mol.%
	39.4
	60.6

	SQ6
	mass %
	50.7
	49.3

	
	mol.%
	18.6
	81.4

	SQ7
	mass %
	48.5
	51.5

	
	mol.%
	17.3
	82.7

	P1
	mass %
	19.3
	80.7

	
	mol.%
	5.0
	95.0
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Fig. 4.43 – Microstructure of the quenched melt sample 4 from PRS8
Table 4.40 - EDX data on sample 4
	#
	UO2
	SiO2

	SQ1
	mass %
	59.7
	40.3

	
	mol.%
	24.8
	75.2

	SQ2
	mass %
	57.8
	42.2

	
	mol.%
	23.4
	76.6

	SQ3
	mass %
	56.1
	43.9

	
	mol.%
	22.1
	77.9

	SQ4
	mass %
	56.5
	43.5

	
	mol.%
	22.4
	77.6

	SQ5
	mass %
	47.7
	52.3

	
	mol.%
	16.9
	83.1
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Fig. 4.44 – Microstructure of the quenched melt sample 4 (second fragment) from PRS8
Table 4.41 -EDX data on sample 4 (second fragment) 
	#
	UO2
	SiO2

	SQ1
	mass %
	60.5
	39.5

	
	mol.%
	25.4
	74.6


[image: image77.png]



Fig. 4.45 -A polished section from PRS8 with regions marked for the SEM/EDX analysis
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Fig. 4.46 -Micrograph of region 1. PRS8
Table 4.42 -EDX data on region 1 
	#
	UO2
	SiO2

	SQ1
	mass %
	46.4
	53.6

	
	mol.%
	16.2
	83.9

	SQ2
	mass %
	26.0
	74.0

	
	mol.%
	7.3
	92.7

	SQ3
	mass %
	85.5
	14.5

	
	mol.%
	56.7
	43.3

	SQ4
	mass %
	75.9
	24.1

	
	mol.%
	41.2
	58.8

	SQ5
	mass %
	23.9
	76.1

	
	mol.%
	6.5
	93.5

	P1
	mass %
	100
	-

	
	mol.%
	100
	-

	P2
	mass %
	88.4
	11.6

	
	mol.%
	62.9
	37.2

	P3
	mass %
	82.4
	17.6

	
	mol.%
	51.1
	48.9

	P4
	mass %
	84.1
	15.9

	
	mol.%
	54.0
	46.0

	P5
	mass %
	20.4
	79.6

	
	mol.%
	5.4
	94.6

	P6
	mass %
	18.7
	81.3

	
	mol.%
	4.9
	95.1

	P7
	mass %
	99.0
	1.1

	
	mol.%
	95.4
	4.6


[image: image79.png]2-1-1(SQ3)





Fig. 4.47 -Micrograph of region 2. PRS8
Table 4.43 -EDX data on region 2
	#
	UO2
	SiO2

	SQ1
	mass %
	44.6
	55.4

	
	mol.%
	15.2
	84.8

	SQ2
	mass %
	68.5
	31.5

	
	mol.%
	32.7
	67.4

	SQ3
	mass %
	81.6
	18.4

	
	mol.%
	49.7
	50.3

	SQ4
	mass %
	23.7
	76.4

	
	mol.%
	6.5
	93.6

	SQ5
	mass %
	22.4
	77.6

	
	mol.%
	6.0
	94.0

	P1
	mass %
	17.9
	82.2

	
	mol.%
	4.6
	95.4

	P2
	mass %
	90.2
	9.8

	
	mol.%
	67.3
	32.8
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Fig. 4.48 -Micrograph of region 3. PRS8
Table 4.44 -EDX data on region 3
	#
	UO2
	SiO2

	SQ1
	mass %
	48.5
	51.5

	
	mol.%
	17.3
	82.7

	SQ2
	mass %
	47.4
	52.6

	
	mol.%
	16.7
	83.3

	SQ3
	mass %
	64.8
	35.3

	
	mol.%
	29.0
	71.0

	SQ4
	mass %
	84.4
	15.6

	
	mol.%
	54.6
	45.4

	SQ5
	mass %
	22.6
	77.4

	
	mol.%
	6.1
	93.9
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Fig. 4.49 -Micrograph of region 4. PRS8
Table 4.45 -EDX data on region 4
	#
	UO2
	SiO2

	SQ1
	mass %
	31.5
	68.5

	
	mol.%
	9.3
	90.7

	SQ2
	mass %
	27.9
	72.1

	
	mol.%
	7.9
	92.1


[image: image82.png]



Fig. 4.50 -Micrograph of region 5. PRS8
Table 4.46 -EDX data on region 5
	#
	UO2
	SiO2

	SQ1
	mass %
	47.1
	52.9

	
	mol.%
	16.5
	83.5

	SQ2
	mass %
	46.2
	53.8

	
	mol.%
	16.0
	84.0

	SQ3
	mass %
	44.8
	55.2

	
	mol.%
	15.3
	84.7

	SQ4
	mass %
	39.9
	60.1

	
	mol.%
	12.9
	87.1

	SQ5
	mass %
	23.3
	76.7

	
	mol.%
	6.3
	93.7
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Fig. 4.51 -Micrographs of regions 6 and 7. PRS8
[image: image84.png]



Fig. 4.52 -Micrograph of region 8. PRS8
[image: image85.png]



Fig. 4.53 -Micrographs of regions 9-12. PRS8
Table 4.47 -EDX data on region 10-12 
	#
	UO2
	SiO2

	SQ1
	mass %
	45.1
	54.9

	
	mol.%
	15.5
	84.5

	SQ2
	mass %
	61.8
	38.2

	
	mol.%
	26.4
	73.6
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Fig. 4.54 -Micrograph of region 13. PRS8
Table 4.48 -EDX data on region 13
	#
	UO2
	SiO2

	SQ1
	mass %
	50.5
	49.5

	
	mol.%
	18.5
	81.5

	SQ2
	mass %
	51.5
	48.5

	
	mol.%
	19.1
	80.9


PRS9

Figs. 4.55-4.66 and the corresponding Tabs. 4.49-4.58 contain SEM/EDX data on melt samples taken during the test and on the ingot from PRS9.

Figs. 4.55-4.57 show microstructure of melt samples from PRS9 with the dendritically crystallized UO2 grains and a small inetrdendritic space filled with a two-phase structure. According to the EDX data, the average composition corresponds to 20.5±3.3 mol. %. of SiO2 in the system.
Microstructure of the crystallized ingot from PRS9 is similar to that of melt samples. A monocrystalline layer of the primary crystallization phase (UO2) is observed at the ingot periphery (area 4, Fig. 4.60). The interdendritic space in the central part of the ingot is filled with a decomposition structure that is similar to that observed in the previous tests of the series (area 8, Fig. 4.62 and area 9, Fig. 4.63). According to the EDX data, the average content of SiO2 in the crystallized ingot varies from 26.9 mol. % at the ingot periphery up to 30.2±0.6 mol. % in its central part.
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Fig. 4.55 -Micrographs of sample 1. PRS9
Table 4.49 -EDX data on sample 1

	#
	UO2
	SiO2

	SQ1

(for the maximum square)
	mass %
	93.4
	6.6

	
	mol.%
	75.8
	24.2

	SQ2
	mass %
	93.2
	6.8

	
	mol.%
	75.4
	24.6


[image: image88.png]



Fig. 4.56 -Micrographs of sample 2. PRS9
Table 4.50 -EDX data on sample 2
	#
	UO2
	SiO2

	SQ1

(for the maximum square)
	mass %
	95.0
	5.0

	
	mol.%
	80.8
	19.2

	SQ2
	mass %
	94.6
	5.4

	
	mol.%
	79.7
	20.3


[image: image89.png]



Fig. 4.57 -Micrographs of sample 3. PRS9
Table 4.51 -EDX data on sample 3
	#
	UO2
	SiO2

	SQ1
	mass %
	95.5
	4.5

	
	mol.%
	82.5
	17.5

	SQ2
	mass %
	95.6
	4.4

	
	mol.%
	83.0
	17.0

	P1
	mass %
	95.7
	4.3

	
	mol.%
	83.3
	16.7

	P2
	mass %
	95.8
	4.2

	
	mol.%
	83.5
	16.5

	P3
	mass %
	93.1
	6.9

	
	mol.%
	75.0
	25.0
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Fig. 4.58 -A polished section from PRS9 with regions marked for the SEM/EDX analysis
[image: image91.png]



Fig. 4.59 -Micrograph of region 1. PRS9
Table 4.52 -EDX data on region 1
	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	80.3
	3.9
	15.8
	91.6
	8.4

	
	mol.%
	23.0
	9.5
	67.5
	70.8
	29.2

	SQ2
	mass %
	79.5
	3.7
	16.7
	91.9
	8.1

	
	mol.%
	22.1
	8.8
	69.1
	71.5
	28.5

	SQ3
	mass %
	79.7
	3.9
	16.4
	91.5
	8.5

	
	mol.%
	22.4
	9.3
	68.3
	70.7
	29.3

	P1
	mass %
	86.9
	0.2
	12.9
	99.5
	0.5

	
	mol.%
	31.0
	0.7
	68.3
	97.8
	2.2

	P2
	mass %
	87.5
	0.2
	12.3
	99.6
	0.4

	
	mol.%
	32.2
	0.5
	67.3
	98.4
	1.6

	P3
	mass %
	17.5
	45.9
	36.6
	16.8
	83.2

	
	mol.%
	1.8
	40.9
	57.3
	4.3
	95.7

	P4
	mass %
	21.2
	44.9
	33.9
	20.1
	79.9

	
	mol.%
	2.3
	42.0
	55.7
	5.3
	94.7
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Fig. 4.60 -Micrographs of regions 2-4. PRS9
Table 4.53 -EDX data on regions 2-4

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	77.4
	5.3
	17.4
	88.6
	11.4

	
	mol.%
	20.3
	11.8
	67.9
	63.3
	36.7

	SQ2
	mass %
	78.4
	4.9
	16.8
	89.5
	10.5

	
	mol.%
	21.2
	11.2
	67.6
	65.5
	34.5

	SQ3
	mass %
	83.8
	0.7
	15.4
	98.4
	1.6

	
	mol.%
	26.2
	1.9
	71.8
	93.1
	6.9

	SQ4
	mass %
	80.1
	3.5
	16.4
	92.4
	7.6

	
	mol.%
	22.7
	8.3
	69.0
	73.1
	26.9

	P1
	mass %
	85.9
	0.4
	13.8
	99.2
	0.8

	
	mol.%
	29.2
	1.1
	69.7
	96.4
	3.6

	P2
	mass %
	87.2
	0.3
	12.5
	99.4
	0.6

	
	mol.%
	31.6
	0.9
	67.5
	97.2
	2.8
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Fig. 4.61 -Micrographs of regions 5-7. PRS9
Table 4.54 -EDX data on regions 5-7

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	77.4
	4.9
	17.7
	89.3
	10.7

	
	mol.%
	20.2
	10.8
	68.9
	65.1
	34.9

	P1
	mass %
	87.0
	0.3
	12.7
	99.3
	0.7

	
	mol.%
	31.2
	1.0
	67.8
	97.1
	2.9

	P2
	mass %
	65.6
	10.6
	23.8
	76.6
	23.4

	
	mol.%
	12.9
	17.7
	69.4
	42.2
	57.8

	P3
	mass %
	66.7
	9.5
	23.8
	78.8
	21.2

	
	mol.%
	13.3
	16.1
	70.5
	45.2
	54.8

	P4
	mass %
	17.4
	58.7
	23.8
	13.6
	86.4

	
	mol.%
	2.0
	57.2
	40.8
	3.4
	96.6

	P5
	mass %
	88.4
	0.2
	11.4
	99.5
	0.5

	
	mol.%
	34.0
	0.7
	65.3
	97.8
	2.2

	P6
	mass %
	10.9
	46.1
	43.0
	11.2
	88.8

	
	mol.%
	1.1
	37.5
	61.4
	2.7
	97.3


[image: image94.png]8-1-1-1




Fig. 4.62 -Micrographs of region 8. PRS9
Table 4.55 -EDX data on region 8

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	77.2
	5.2
	17.6
	88.7
	11.3

	
	mol.%
	20.1
	11.5
	68.4
	63.7
	36.3

	P1
	mass %
	85.3
	0.2
	14.5
	99.6
	0.4

	
	mol.%
	28.2
	0.5
	71.3
	98.4
	1.6


[image: image95.png]



Fig. 4.63 -Micrographs of region 9. PRS9
Table 4.56 -EDX data on region 9

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	78.9
	4.1
	17.0
	91.1
	8.9

	
	mol.%
	21.5
	9.5
	69.0
	69.4
	30.6

	SQ2
	mass %
	79.2
	4.0
	16.8
	91.4
	8.6

	
	mol.%
	21.8
	9.3
	68.9
	70.2
	29.8

	SQ3
	mass %
	76.2
	5.4
	18.4
	88.1
	11.9

	
	mol.%
	19.3
	11.6
	69.1
	62.3
	37.7

	SQ4
	mass %
	76.4
	5.2
	18.4
	88.7
	11.3

	
	mol.%
	19.4
	11.1
	69.5
	63.5
	36.5

	P1
	mass %
	86.0
	0.3
	13.7
	99.3
	0.7

	
	mol.%
	29.4
	1.0
	69.6
	96.8
	3.2

	P2
	mass %
	87.1
	0.3
	12.5
	99.3
	0.7

	
	mol.%
	31.5
	1.1
	67.4
	96.7
	3.3

	P3
	mass %
	30.9
	35.9
	33.2
	31.3
	68.7

	
	mol.%
	3.7
	36.7
	59.6
	9.2
	90.8

	P4
	mass %
	37.0
	37.9
	25.1
	34.1
	65.9

	
	mol.%
	5.0
	43.9
	51.0
	10.3
	89.7


[image: image96.png]10-1-1-1-1




Fig. 4.64 -Micrographs of region 10. PRS9
Table 4.57 -EDX data on region 10

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	78.4
	6.3
	15.3
	86.8
	13.2

	
	mol.%
	21.8
	15.0
	63.2
	59.3
	40.7

	SQ2
	mass %
	79.7
	5.6
	14.8
	88.3
	11.7

	
	mol.%
	23.0
	13.6
	63.4
	62.8
	37.2

	P1
	mass %
	89.2
	0.2
	10.6
	99.7
	0.3

	
	mol.%
	35.9
	0.6
	63.5
	98.5
	1.5

	P2
	mass %
	11.3
	45.5
	43.2
	11.7
	88.3

	
	mol.%
	1.1
	37.1
	61.9
	2.9
	97.1

	P3
	mass %
	12.5
	49.0
	38.5
	11.9
	88.1

	
	mol.%
	1.3
	41.5
	57.2
	2.9
	97.1

	P4
	mass %
	8.9
	48.9
	42.2
	8.8
	91.2

	
	mol.%
	0.9
	39.5
	59.7
	2.1
	97.9
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Fig. 4.65 -Micrographs of regions 11 and 12. PRS9
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Fig. 4.66 -Micrographs of region 13. PRS9
Table 4.58 -EDX data on region 13

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	80.2
	3.7
	16.1
	92.0
	8.0

	
	mol.%
	22.8
	8.9
	68.3
	72.0
	28.0

	SQ2
	mass %
	80.2
	3.9
	15.9
	91.6
	8.4

	
	mol.%
	23.0
	9.5
	67.6
	70.8
	29.2


4.4.2. Tests of the PRS series
GPRS1-3
The performed experimental series was aimed at refining the monotectic temperature value for the UO2-SiO2 system and at optimizing duration of isothermal exposure required for attaining equilibrium in the system at a temperature close to monotectic. The necessity of carrying out this experimental series was determined by microstructure of the ingot produced by quenching from the supposed monotectic temperature (2080С) after the 60-second isothermal exposure in the Galakhov microfurnace (GCORD5 test, [8]).

Initial compositions and heating/cooling procedures during the tests are described in Tab. 2.3. They were chosen in such a way, so that volumes of the coexisting liquid phases would be approximately equal.

Figs. 4.67-4.82 and the corresponding Tabs. 4.59-4.72 contain the SEM/EDX data on crucible cross-sections from tests 1-3 of the GPRS series. It can be noted that no segregation was observed in GPRS1, i.e., 2050С is below the monotectic temperature of the studied system. At the same time, macrostratification and microsegregation were observed in GPRS2 and GPRS3. It should be noted that GPRS3 differed by a longer isothermal exposure (10 min in contrast to 5 min in GPRS2), the visually observed distribution of the heavy liquid microdrops in the viscous light liquid was more uniform, and the boundary of macrolayers was more even. The shape of all microdrops was close to ideal spherical. Notable is that compositions of the coexisting liquids were similar, unlike in tests of the GCORD series. Consequently, a 5-minute exposure is sufficient for determining composition of the coexisting liquids. However, a 10-minute exposure is optimal for both determining equilibrium composition of the coexisting phases, and for a more correct interpretation of the ingot structure.

The presence of big gas bubbles in the viscous liquid is due to the SiO segregation from the melt at temperatures above 1800С. It is possible to get rid of this phenomenon by raising pressure in the system, but it can cause changes in the phase equilibria picture.
Another fact that draws attention during the microstructure analysis is the absence of coalescence of the heavy liquid drops near the phases separating boundary (area 8, Fig. 4.75). This phenomenon is caused by the substantial difference in viscosity of the coexisting liquids and by high surface activity of the viscous SiO2-based liquid, which significantly reduces surface tension at the boundary separating phases. The same circumstances determine the presence of a large number of microdrops in the viscous liquid and their complicated hierarchy, as well as the absence of microdrops in the heavy, low-viscous liquid.

It should be also noted that a microstructure corresponding to the "solid phase - liquid" equilibrium (area 4, Fig. 4.72 and area 2, Fig. 4.78) was observed at the surface in both crucibles (in GPRS2 and GPRS3). This is due to the melt surface subcooling down to a temperature below monotectic. To prevent this effect in subsequent tests of the series, crucibles were covered with molybdenum covers.
Statistical data on compositions of the coexisting liquid phases in GPRS2 and GPRS3 is given in Tabs. 4.66 and 4.72.
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Fig. 4.67 - A polished section from GRS1 with regions marked for the SEM/EDX analysis
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Fig. 4.68 -Micrographs of regions 1 and 2. GPRS1 
Table 4.59 - EDX data on regions 1 and 2
	#
	UO2
	SiO2

	SQ1
	mass %
	32.46
	67.54

	
	mol.%
	9.66
	90.34

	SQ2
	mass %
	33.88
	66.12

	
	mol.%
	10.24
	89.76
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Fig. 4.69 - A polished section from GRS2 with regions marked for the SEM/EDX analysis
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Fig. 4.70 - Micrographs of region 1. GPRS2
[image: image103.png]



Fig. 4.71 - Micrographs of regions 2 and 3. GPRS2
Table 4.60 - EDX data on regions 2 and 3
	#
	UO2
	SiO2

	SQ1
	mass %
	42.76
	57.24

	
	mol.%
	14.25
	85.75

	SQ2
	mass %
	40.89
	59.11

	
	mol.%
	13.34
	86.66
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Fig. 4.72 - Micrographs of regions 4 and 5. GPRS2
Table 4.61 - EDX data on regions 4 and 5
	#
	UO2
	SiO2

	SQ1
	mass %
	37.30
	62.70

	
	mol.%
	11.69
	88.31


[image: image105.png]



Fig. 4.73 - Micrographs of region 6. GPRS2
Table 4.62 - EDX data on region 6
	#
	UO2
	SiO2

	SQ1
	mass %
	63.56
	36.44

	
	mol.%
	27.96
	72.04
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Fig. 4.74 - Micrographs of region 7. GPRS2
Table 4.63 - EDX data on region 7
	#
	UO2
	SiO2

	SQ1
	mass %
	37.22
	62.78

	
	mol.%
	11.66
	88.34

	SQ2
	mass %
	66.12
	33.88

	
	mol.%
	30.28
	69.72

	P1
	mass %
	83.75
	16.25

	
	mol.%
	53.41
	46.59

	P2
	mass %
	34.32
	65.68

	
	mol.%
	10.42
	89.58


[image: image107.png]10 (SQ1)




Fig. 4.75 - Micrographs of regions 8 and 11. GPRS2
Table 4.64 - EDX data on regions 10 and 11
	#
	UO2
	SiO2

	SQ1
	mass %
	39.40
	60.60

	
	mol.%
	12.64
	87.36

	SQ2
	mass %
	62.84
	37.16

	
	mol.%
	27.34
	72.66
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Fig. 4.76 - Micrographs of regions 12 and 13. GPRS2
Table 4.65 - EDX data on regions 12 and 13
	#
	UO2
	SiO2

	SQ1
	mass %
	62.07
	37.93

	
	mol.%
	26.70
	73.30

	P1
	mass %
	31.02
	68.98

	
	mol.%
	9.09
	90.91


Table 4.66 – The EDX analysis statistics for GPRS2
	No.
	UO2
	SiO2
	Temperature, °С

	Area with droplet inclusions (2, 3, 7)
	mass %
	41.8±1.3
	58.2±1.3
	2080

	
	mol.%
	13.8±0.6
	86.2±0.6
	

	Heavy liquid
(11, 12, 13)
	mass %
	62.5±0.5
	37.5±0.5
	

	
	mol.%
	27.0±0.5
	73.0±0.5
	

	Drops in the light liquid (6, 7-2, 8, 9)
	mass %
	64.8±1.8
	35.2±1.8
	~Tmono

	
	mol.%
	29.1±1.6
	70.9±1.6
	

	Matrix in the light liquid (5, 7-1, 10)
	mass %
	38.0±1.2
	62.0±1.2
	≤Tmono

	
	mol.%
	12.0±0.6
	88.0±0.6
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Fig. 4.77 - A polished section from GRS3 with regions marked for the SEM/EDX analysis
[image: image110.png]



Fig. 4.78 -Micrographs of regions 1 and 2. GPRS3 
Table 4.67 - EDX data on regions 1 and 2
	#
	UO2
	SiO2

	SQ1
	mass %
	39.87
	60.13

	
	mol.%
	12.86
	87.14

	SQ2
	mass %
	31.27
	68.73

	
	mol.%
	9.19
	90.81
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Fig. 4.79 - Micrographs of region 3. GPRS3
Table 4.68 - EDX data on region 3
	#
	UO2
	SiO2

	SQ1
	mass %
	42.69
	57.31

	
	mol.%
	14.22
	85.78

	SQ2
	mass %
	63.91
	36.09

	
	mol.%
	28.26
	71.74

	SQ3
	mass %
	36.89
	63.11

	
	mol.%
	11.51
	88.49

	SQ4
	mass %
	37.13
	62.87

	
	mol.%
	11.61
	88.39
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Fig. 4.80 - Micrographs of region 4. GPRS3
Table 4.69 - EDX data on region 4
	#
	UO2
	SiO2

	SQ1
	mass %
	65.79
	34.21

	
	mol.%
	29.97
	70.03
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Fig. 4.81 - Micrographs of regions 5 and 6. GPRS3
Table 4.70 - EDX data on regions 5 and 6
	#
	UO2
	SiO2

	SQ1
	mass %
	39.60
	60.40

	
	mol.%
	12.73
	87.27
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Fig. 4.82 - Micrographs of regions 7 and 8. GPRS3
Table 4.71 - EDX data on regions 7 and 8
	#
	UO2
	SiO2

	SQ1
	mass %
	63.71
	36.29

	
	mol.%
	28.09
	71.91

	SQ2
	mass %
	67.70
	32.30

	
	mol.%
	31.80
	68.20


Table 4.72 – The EDX analysis statistics for GPRS3
	No.
	UO2
	SiO2
	Temperature, °С

	Area with droplet inclusions (1, 3)
	mass %
	41.3±2.0
	58.7±2.0
	2080

	
	mol.%
	13.5±1.0
	86.5±1.0
	

	Heavy liquid
(7, 8)
	mass %
	65.7±2.8
	34.3±2.8
	

	
	mol.%
	29.9±2.6
	70.1±2.6
	

	Drops in the light liquid (3-1-1, 4-1)
	mass %
	64.9±1.3
	35.1±1.3
	~Tmono

	
	mol.%
	29.1±1.2
	70.9±1.2
	

	Matrix in the light liquid (3-2, 6-1)
	mass %
	37.9±1.5
	62.1±1.5
	≤Tmono

	
	mol.%
	12.0±0.7
	88.0±0.7
	


GPRS4

The test was aimed at making an attempt to discover the miscibility gap critical point that could not be found in CORPHAD Project [8]. In Lungu's works, the miscibility gap binodal curve is marked by a dotted line [3-6], and this aspect also confirmed the necessity in refining data on phase equilibria in this domain of the diagram.

Initial compositions and heating/cooling procedures during the tests are described in Tab. 2.3. The composition was chosen in such a way, so that volumes of the coexisting liquid phases would be approximately equal. The specified time of isothermal exposure was not long (1 min) in order to prevent possible shift in the composition due to evaporation of system components. Also, it was supposed that melt viscosity decreases at high temperatures to such an extent that equilibrium in the system can be achieved at sufficiently shorter exposures.
Figs. 4.83-4.86 and the corresponding Tabs. 4.73-4.75 contain the SEM/EDX data on crucible cross-sections from GPRS4.

On the one hand, the microstructure that formed as a result of the test serves as an evidence of stratification in the studied area, since the crucible transverse section demonstrates the presence of two macrolayers. On the other hand, the layer with the amoeboid microstructure is observed between the said layers. A similar structure was observed in the GCORD4-6 series of CORPHAD Project. Notable is that the higher the temperature increased, the thicker the intermediate layer was. A supposition about the equilibrium nature of the observed ingot structure encounters significant difficulties concerning system description. For instance, the miscibility gap height that is significantly bigger than the width is difficult to explain from the thermodynamic point of view. The nonequilibrium nature of the structure is also suggested by morphology of the intermediate layer. Thus, it may be supposed that the observed decomposition into two liquids has the dynamic nature in this case, i.e., is associated with the process of system cooling. The most possible options are that either the system never reached the equilibrium due to the lack of time during the isothermal exposure, or remained in the single-phase condition.
Statistical data on heterogeneous layers composition in GPRS4 are presented in Tab. 4.76. Interesting is that compositions of the upper macrolayer and of the intermediate amoeboid structure practically coincide. Presumably, this is due to the rates of cooling of the areas in question.
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Fig. 4.83 - A polished section from GRS4 with regions marked for the SEM/EDX analysis
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Fig. 4.84 - Micrographs of region 1. GPRS4
Table 4.73 - EDX data on region 1
	#
	UO2
	SiO2

	SQ1
	mass %
	64.9
	35.1

	
	mol.%
	29.2
	70.8

	SQ2
	mass %
	51.5
	48.5

	
	mol.%
	19.1
	80.9

	SQ3
	mass %
	51.8
	48.2

	
	mol.%
	19.3
	80.7

	P1
	mass %
	75.0
	25.0

	
	mol.%
	40.1
	59.9

	P2
	mass %
	38.4
	61.6

	
	mol.%
	12.2
	87.8
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Fig. 4.85 - Micrographs of region 2. GPRS4
Table 4.74 - EDX data on region 2
	#
	UO2
	SiO2

	SQ1
	mass %
	70.1
	29.9

	
	mol.%
	34.3
	65.8

	P1
	mass %
	75.9
	24.1

	
	mol.%
	41.2
	58.8
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Fig. 4.86 - Micrographs of regions 3 - 5. GPRS4
Table 4.75 - EDX data on regions 3 - 5
	#
	UO2
	SiO2

	SQ1
	mass %
	50.7
	49.3

	
	mol.%
	18.6
	81.4

	SQ2
	mass %
	52.0
	48.0

	
	mol.%
	19.4
	80.6


Table 4.76 – GPRS4 EDX statistical data
	No.
	UO2
	SiO2
	Temperature, °С

	Lower macrolayer
(1-1, 2)
	mass %
	67.5±3.7
	32.5±3.7
	<2530

	
	mol.%
	31.8±3.5
	68.2±3.5
	

	Upper macrolayer
(1-3, 4)
	mass %
	51.9±0.1
	48.1±0.1
	

	
	mol.%
	19.3±0.1
	80.7±0.1
	

	Amoeboid structure (1-2, 3)
	mass %
	51.1±0.6
	48.9±0.6
	Tcrit.≤T≤Tmono

	
	mol.%
	18.9±0.4
	81.1±0.4
	


GPRS5-13

This experimental series was aimed at constructing the liquidus line section adjacent to the miscibility gap on the UO2 side.
Initial compositions and heating/cooling procedures during the tests are described in Tab. 2.3. The composition was chosen in such a way, so that the liquidus line section could be covered in the temperature range appropriate for the Galakhov technique application.
Figs. 4.87-4.104 and the corresponding Tabs. 4.77-4.85 contain the SEM/EDX data on crucible cross-sections from GPRS5-13. Practically all tests of the series featured dendritic crystallization of the melt, only the nature of dendrites differed. For instance, they are larger and have a more homogeneous structure in the case of urania-rich compositions. Dendrites microstructure in the silica-rich area is very specific and reminds that of phase decomposition. Only in GPRS8 it was possible to observe UO2 crystals of different nature. It may be supposed that they were in solid phase during the isothermal exposure. Thus, only one point among those yielded by the experimental series lies in the subliquidus domain, all others are above the liquidus curve. In the first approximation, the composition of areas 1-1 and 1-2 in Fig. 4.94 (squares SQ1 and SQ2 in Tab. 4.80) can be regarded as that corresponding to the liquid phase in equilibrium with the solid one.
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Fig. 4.87 - A polished section from GRS5 with regions marked for the SEM/EDX analysis
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Fig. 4.88 - Micrographs of regions 1-4. GPRS5
Table 4.77 - EDX data on regions 1-4
	#
	UO2
	SiO2

	SQ1
	mass %
	79.3
	20.7

	
	mol.%
	46.0
	54.0

	SQ2
	mass %
	75.5
	24.5

	
	mol.%
	40.6
	59.4
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Fig. 4.89 - A polished section from GRS6 with regions marked for the SEM/EDX analysis
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Fig. 4.90 - Micrographs of region 1. GPRS6
Table 4.78 - EDX data on regions 1-2
	#
	UO2
	SiO2

	SQ1
	mass %
	74.7
	25.3

	
	mol.%
	39.6
	60.4

	SQ2
	mass %
	74.3
	25.7

	
	mol.%
	39.2
	60.8
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Fig. 4.91 - A polished section from GRS7 with regions marked for the SEM/EDX analysis
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Fig. 4.92 - Micrographs of regions 1 and 2. GPRS7
Table 4.79 - EDX data on regions 1 and 2
	#
	UO2
	SiO2

	SQ1
	mass %
	76.8
	23.2

	
	mol.%
	42.4
	57.6

	SQ2
	mass %
	74.4
	25.6

	
	mol.%
	39.3
	60.7
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Fig. 4.93 - A polished section from GRS8 with regions marked for the SEM/EDX analysis
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Fig. 4.94 - Micrographs of regions 1-3. GPRS8
Table 4.80 - EDX data on regions 1-3
	#
	UO2
	SiO2

	SQ1
	mass %
	69.6
	30.5

	
	mol.%
	33.7
	66.3

	SQ2
	mass %
	71.3
	28.7

	
	mol.%
	35.6
	64.5

	SQ3
	mass %
	69.9
	30.1

	
	mol.%
	34.1
	65.9

	SQ4
	mass %
	65.4
	34.6

	
	mol.%
	29.6
	70.4

	SQ5
	mass %
	55.2
	44.8

	
	mol.%
	21.5
	78.5

	P1
	mass %
	100
	-

	
	mol.%
	100
	-

	P2
	mass %
	47.2
	52.8

	
	mol.%
	16.6
	83.4
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Fig. 4.95 - A polished section from GRS9 with regions marked for the SEM/EDX analysis
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Fig. 4.96 - Micrographs of regions 1-3. GPRS9
Table 4.81 - EDX data on regions 1-3
	#
	UO2
	SiO2

	SQ1
	mass %
	76.7
	23.3

	
	mol.%
	42.3
	57.7

	SQ2
	mass %
	72.7
	27.3

	
	mol.%
	37.3
	62.7
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Fig. 4.97 - A polished section from GRS10 with regions marked for the SEM/EDX analysis
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Fig. 4.98 - Micrographs of regions 1 and 2. GPRS10
Table 4.82 - EDX data on regions 1 and 2
	#
	UO2
	SiO2

	SQ1
	mass %
	78.1
	21.9

	
	mol.%
	44.3
	55.7

	SQ2
	mass %
	72.8
	27.2

	
	mol.%
	37.4
	62.6
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Fig. 4.99 - A polished section from GRS11 with regions marked for the SEM/EDX analysis
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Fig. 4.100 - Micrographs of regions 1 and 2. GPRS11
Table 4.83 - EDX data on regions 1 and 2
	#
	UO2
	SiO2

	SQ1
	mass %
	75.6
	24.4

	
	mol.%
	40.8
	59.3

	SQ2
	mass %
	73.6
	26.4

	
	mol.%
	38.3
	61.7
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Fig. 4.101- A polished section from GRS12 with regions marked for the SEM/EDX analysis
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Fig. 4.102 - Micrographs of region 1. GPRS12
Table 4.84 - EDX data on region 1
	#
	UO2
	SiO2

	SQ1
	mass %
	73.9
	26.1

	
	mol.%
	38.6
	61.4
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Fig. 4.103- A polished section from GRS13 with regions marked for the SEM/EDX analysis
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Fig. 4.104 - Micrographs of region 1. GPRS13
Table 4.85 - EDX data on region 1
	#
	UO2
	SiO2

	SQ1
	mass %
	71.8
	28.2

	
	mol.%
	36.2
	63.9


GPRS14-18
Initial compositions and heating/cooling procedures during the tests are presented in Tab. 2.3.

Figs. 4.105-4.112 and the corresponding Tabs. 4.86-4.93 contain the SEM/EDX data on crucible cross-sections from the GPRS14-17 experimental series. All tests of this series feature both orbicular UO2, crystals which were in solid state during the isothermal exposure, and the dendritically crystallized areas between the UO2 crystals (e.g., GPRS14 test, Fig. 4.106, area 2). Though the microstructure is similar to that in the PRS1-3 experimental series, the dendritic nature of the considered areas and their composition suggest a somewhat different nature of their origin. It should be noted that the capillary effects preventing homogenization of the system start showing when crucibles of the used dimension-type are employed (e.g., see crucible cut from GPRS17, Fig. 4.111). Statistical processing of the EDX data on the liquid-phase areas showed the SiO2 content to be 63.2 ±2.9 mol. % in GPRS14, 62.8±1.4 in GPRS15, 65.0±1.6 in GPRS16 and 68.0±2.0 in GPRS17, or 64.8±4.4 mol. % SiO2 in general at the 2125±25°С isotherm.
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Fig. 4.105- A polished section from GRS14 with regions marked for the SEM/EDX analysis
Table 4.86 - EDX data of the average composition of the GPRS14 crucible section

	#
	UO2
	SiO2

	GPRS14
	mass %
	89.5
	10.5

	
	mol.%
	65.4
	34.6


[image: image138.png]



Fig. 4.106 – Microphotographs of studied GPRS14 crucible regions 

Table 4.87 - EDX data of studied GPRS14 regions

	#
	UO2
	SiO2

	SQ1
	mass %
	70.6
	29.4

	
	mol.%
	34.8
	65.2

	P1
	mass %
	71.3
	28.7

	
	mol.%
	35.6
	64.4

	P2
	mass %
	75.1
	24.9

	
	mol.%
	40.1
	59.9
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Fig. 4.107 - A polished section from GRS15 with regions marked for the SEM/EDX analysis
Table 4.88 - EDX data of the average composition of the GPRS15 crucible section

	#
	UO2
	SiO2

	GPRS-15
	mass %
	83.1
	16.9

	
	mol.%
	52.3
	47.7
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Fig. 4.108 – Microphotographs of studied GPRS15 crucible regions 

Table 4.89 - EDX data of studied GPRS15 regions

	#
	UO2
	SiO2

	SQ1
	mass %
	71.7
	28.3

	
	mol.%
	36.1
	63.9

	SQ2
	mass %
	71.2
	28.8

	
	mol.%
	35.5
	64.5

	SQ3
	mass %
	73.4
	26.6

	
	mol.%
	38.0
	62.0

	SQ4
	mass %
	73.0
	27.0

	
	mol.%
	37.5
	62.5

	SQ5
	mass %
	74.1
	25.9

	
	mol.%
	38.9
	61.2

	P1
	mass %
	73.9
	26.1

	
	mol.%
	38.7
	61.3

	P2
	mass %
	99.8
	0.2

	
	mol.%
	99.2
	0.8
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Fig. 4.109- A polished section from GRS16 with regions marked for the SEM/EDX analysis
Table 4.90 - EDX data of the average composition of the GPRS16 crucible section
	#
	UO2
	SiO2

	GPRS-16
	mass %
	82.8
	17.2

	
	mol.%
	51.8
	48.3
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Fig. 4.110 – Microphotographs of studied GPRS16 crucible regions 

Table 4.91 - EDX data of studied GPRS16 regions

	#
	UO2
	SiO2

	SQ1
	mass %
	70.5
	29.6

	
	mol.%
	34.7
	65.3

	SQ2
	mass %
	69.5
	30.5

	
	mol.%
	33.7
	66.3

	SQ3
	mass %
	72.3
	27.7

	
	mol.%
	36.7
	63.3
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Fig. 4.111- A polished section from GRS17 with regions marked for the SEM/EDX analysis
Table 4.92 - EDX data of the average composition of the GPRS17 crucible section
	#
	UO2
	SiO2

	GPRS-17
	mass %
	78.0
	22.0

	
	mol.%
	44.2
	55.9
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Fig. 4.112 – Microphotographs of studied GPRS17 crucible regions 

Table 4.93 - EDX data of studied GPRS17 regions

	#
	UO2
	SiO2

	SQ1
	mass %
	48.0
	52.0

	
	mol.%
	17.0
	83.0

	SQ2
	mass %
	71.2
	28.8

	
	mol.%
	35.5
	64.5

	SQ3
	mass %
	64.2
	35.8

	
	mol.%
	28.5
	71.5

	SQ4
	mass %
	65.2
	34.8

	
	mol.%
	29.4
	70.6

	SQ5
	mass %
	67.4
	32.6

	
	mol.%
	31.5
	68.5

	SQ6
	mass %
	72.7
	27.3

	
	mol.%
	37.2
	62.8

	SQ7
	mass %
	69.6
	30.5

	
	mol.%
	33.7
	66.3

	SQ8
	mass %
	69.7
	30.3

	
	mol.%
	33.8
	66.2

	SQ9
	mass %
	69.9
	30.1

	
	mol.%
	34.1
	66.0

	SQ10
	mass %
	73.4
	26.6

	
	mol.%
	38.0
	62.0

	SQ11
	mass %
	68.6
	31.4

	
	mol.%
	32.7
	67.3

	SQ12
	mass %
	70.0
	30.0

	
	mol.%
	34.2
	65.8

	SQ13
	mass %
	66.9
	33.1

	
	mol.%
	31.0
	69.0

	SQ14
	mass %
	67.3
	32.7

	
	mol.%
	31.4
	68.6

	P1
	mass %
	45.9
	54.1

	
	mol.%
	15.9
	84.1

	P2
	mass %
	52.8
	47.2

	
	mol.%
	19.9
	80.1

	P3
	mass %
	42.4
	57.6

	
	mol.%
	14.1
	85.9

	P4
	mass %
	75.3
	24.7

	
	mol.%
	40.5
	59.5


GPRS18-21
Initial compositions and heating/cooling procedures during the tests are presented in Tab. 2.3. Figs. 4.113-4.120 and the corresponding Tabs. 4.94-4.101 contain the SEM/EDX data on crucible cross-sections from the GPRS18-21 experimental series that was aimed at determining the liquid phase composition after isothermal exposure of the chosen compositions at 2200°C. The SiO2 content varied in them from 30 up to 60 mol. % (Tab. 2.3). Annealing was performed in crucibles with the external diameter of 3 mm and 0.5 mm-thick walls.

Similarly to the GPRS14-17 experimental series, all tests of this one demonstrated the presence of orbicular UO2, crystals which were in the solid state during the isothermal exposure. The intercrystalline space contained areas with the fine-dendritic structure (e.g., area 1-1-1 in GPRS18, Fig. 4.114).

Also, there occurred areas with a microstructure that reminds that of the heavy liquid in the segregating system (e.g., zone 1-2-1-1 in GPRS19, Fig. 4.116). Statistical processing of the EDX data on the liquid-phase areas showed the SiO2 content to be 67.6±1.2 mol. % in GPRS18, 64.4 in GPRS19, 61.1±0.4 in GPRS20 and 63.0±1.9 in GPRS21, or 64.0±3.9 mol. % SiO2 in general at the 2200°С isotherm.
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Fig. 4.113- A polished section from GRS18 with regions marked for the SEM/EDX analysis
Table 4.94 - EDX data of the average composition of the GPRS18 crucible section

	#
	U
	Si
	O
	UO2
	SiO2

	GPRS18
	mass %
	69.7
	6.3
	24.1
	85.5
	14.5

	
	mol.%
	14.5
	11.0
	74.5
	56.8
	43.2
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Fig. 4.114 – Microphotographs of studied GPRS18 crucible regions 

Table 4.95 - EDX data of studied GPRS18 regions

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	73.7
	6.3
	20.1
	86.2
	13.8

	
	mol.%
	17.3
	12.5
	70.2
	58.1
	41.9

	SQ2
	mass %
	72.9
	6.7
	20.4
	85.3
	14.7

	
	mol.%
	16.8
	13.0
	70.1
	56.4
	43.6

	P1
	mass %
	86.9
	0.3
	12.8
	99.4
	0.6

	
	mol.%
	31.1
	0.8
	68.0
	97.4
	2.6

	P2
	mass %
	57.5
	13.4
	29.1
	69.6
	30.4

	
	mol.%
	9.5
	18.7
	71.7
	33.7
	66.3

	P3
	mass %
	86.5
	0.2
	13.2
	99.5
	0.5

	
	mol.%
	30.3
	0.7
	68.9
	97.6
	2.4

	P4
	mass %
	87.5
	0.1
	12.4
	99.7
	0.3

	
	mol.%
	32.0
	0.4
	67.5
	98.6
	1.4

	P5
	mass %
	57.9
	14.7
	27.4
	67.6
	32.4

	
	mol.%
	9.8
	21.1
	69.0
	31.7
	68.3

	P6
	mass %
	56.4
	14.3
	29.3
	67.6
	32.4

	
	mol.%
	9.2
	19.8
	71.0
	31.7
	68.3
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Fig. 4.115- A polished section from GRS19 with regions marked for the SEM/EDX analysis
Table 4.96 - EDX data of the average composition of the GPRS19 crucible section

	#
	U
	Si
	O
	UO2
	SiO2

	GPRS19
	mass %
	67.9
	7.9
	24.2
	82.0
	18.0

	
	mol.%
	13.7
	13.5
	72.8
	50.4
	49.6

	SQ1
	mass %
	68.7
	7.5
	23.8
	82.9
	17.1

	
	mol.%
	14.1
	13.1
	72.8
	51.9
	48.1

	SQ2
	mass %
	65.7
	8.7
	25.6
	80.0
	20.0

	
	mol.%
	12.6
	14.2
	73.1
	47.1
	52.9

	SQ3
	mass %
	67.5
	8.8
	23.7
	80.3
	19.7

	
	mol.%
	13.6
	15.1
	71.3
	47.5
	52.5

	SQ4
	mass %
	67.8
	7.8
	24.5
	82.2
	17.8

	
	mol.%
	13.6
	13.2
	73.1
	50.7
	49.3

	SQ5
	mass %
	69.7
	7.9
	22.4
	82.3
	17.7

	
	mol.%
	14.8
	14.3
	70.9
	50.9
	49.1

	SQ6
	mass %
	66.1
	8.6
	25.3
	80.4
	19.6

	
	mol.%
	12.8
	14.1
	73.1
	47.7
	52.3

	SQ7
	mass %
	72.8
	8.2
	19.0
	82.5
	17.5

	
	mol.%
	17.1
	16.4
	66.5
	51.1
	48.9
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Fig. 4.116 – Microphotographs of studied GPRS19 crucible regions 

Table 4.97 - EDX data of studied GPRS19 regions

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	66.9
	8.1
	25.0
	81.5
	18.5

	
	mol.%
	13.2
	13.5
	73.4
	49.5
	50.5

	SQ2
	mass %
	70.2
	7.5
	22.3
	83.3
	16.7

	
	mol.%
	15.1
	13.6
	71.3
	52.6
	47.4

	SQ3
	mass %
	67.1
	8.5
	24.4
	80.7
	19.3

	
	mol.%
	13.4
	14.3
	72.3
	48.3
	51.7

	P1
	mass %
	88.2
	0.3
	11.5
	99.5
	0.5

	
	mol.%
	33.7
	0.8
	65.5
	97.6
	2.4

	P2
	mass %
	23.2
	32.2
	44.7
	27.6
	72.4

	
	mol.%
	2.4
	28.4
	69.2
	7.8
	92.2

	P3
	mass %
	61.5
	13.1
	25.4
	71.3
	28.7

	
	mol.%
	11.2
	20.2
	68.6
	35.6
	64.4
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Fig. 4.117 – X-ray mapping of the GPRS20 axial crucible section with regions marked for the SEM/EDX analysis
Table 4.98 - EDX data of the average composition of the GPRS20 crucible section

	#
	U
	Si
	O
	UO2
	SiO2

	GPRS20
	mass %
	67.8
	8.4
	23.8
	81.1
	18.9

	
	mol.%
	13.8
	14.4
	71.9
	48.9
	51.1
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Fig. 4.118 – Microphotographs of studied GPRS20 crucible regions 

Table 4.99 - EDX data of studied GPRS20 regions

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	61.4
	11.5
	27.1
	73.8
	26.2

	
	mol.%
	10.9
	17.4
	71.7
	38.6
	61.4

	SQ2
	mass %
	69.2
	7.9
	22.9
	82.2
	17.8

	
	mol.%
	14.5
	14.1
	71.4
	50.8
	49.2

	SQ3
	mass %
	62.3
	11.4
	26.3
	74.4
	25.6

	
	mol.%
	11.3
	17.5
	71.2
	39.2
	60.8

	P1
	mass %
	85.0
	0.3
	14.7
	99.3
	0.7

	
	mol.%
	27.7
	0.9
	71.4
	96.9
	3.1

	P2
	mass %
	86.0
	0.3
	13.7
	99.3
	0.7

	
	mol.%
	29.4
	1.0
	69.6
	96.9
	3.1

	P3
	mass %
	86.5
	0.2
	13.3
	99.6
	0.4

	
	mol.%
	30.2
	0.5
	69.3
	98.2
	1.8

	P4
	mass %
	86.0
	0.3
	13.7
	99.5
	0.5

	
	mol.%
	29.4
	0.7
	69.9
	97.6
	2.4

	P5
	mass %
	86.5
	0.2
	13.2
	99.5
	0.5

	
	mol.%
	30.3
	0.7
	69.0
	97.9
	2.1
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Fig. 4.119- A polished section from GRS21 with regions marked for the SEM/EDX analysis
Table 4.100 - EDX data of the average composition of the GPRS21 crucible section

	#
	U
	Si
	O
	UO2
	SiO2

	GPRS21
	mass %
	71.7
	7.7
	20.7
	83.2
	16.8

	
	mol.%
	16.2
	14.6
	69.2
	52.5
	47.5
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Fig. 4.120 – Microphotographs of studied GPRS21 crucible regions 

Table 4.101 - EDX data of studied GPRS21 regions

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	64.9
	10.9
	24.3
	76.0
	24.0

	
	mol.%
	12.5
	17.8
	69.7
	41.4
	58.6

	SQ2
	mass %
	64.7
	10.1
	25.2
	77.3
	22.7

	
	mol.%
	12.3
	16.3
	71.4
	43.1
	56.9

	SQ3
	mass %
	62.1
	11.2
	26.6
	74.6
	25.4

	
	mol.%
	11.2
	17.2
	71.5
	39.5
	60.5

	SQ4
	mass %
	60.7
	12.2
	27.1
	72.4
	27.6

	
	mol.%
	10.7
	18.3
	71.0
	36.9
	63.1

	SQ5
	mass %
	59.1
	14.3
	26.6
	68.6
	31.4

	
	mol.%
	10.3
	21.1
	68.6
	32.8
	67.2

	SQ6
	mass %
	82.9
	2.5
	14.6
	94.7
	5.3

	
	mol.%
	25.8
	6.6
	67.6
	79.8
	20.2

	SQ7
	mass %
	82.7
	1.7
	15.5
	96.2
	3.8

	
	mol.%
	25.2
	4.5
	70.3
	84.9
	15.1

	SQ8
	mass %
	63.6
	10.7
	25.7
	75.9
	24.1

	
	mol.%
	11.9
	16.9
	71.3
	41.3
	58.7

	P1
	mass %
	88.1
	0.2
	11.7
	99.6
	0.4

	
	mol.%
	33.4
	0.6
	66.0
	98.2
	1.8

	P2
	mass %
	88.3
	0.1
	11.5
	99.7
	0.3

	
	mol.%
	33.8
	0.5
	65.7
	98.6
	1.4

	P3
	mass %
	61.6
	11.5
	26.9
	74.0
	26.0

	
	mol.%
	11.0
	17.4
	71.6
	38.8
	61.2

	P4
	mass %
	61.4
	11.8
	26.8
	73.4
	26.6

	
	mol.%
	11.0
	17.8
	71.2
	38.0
	62.0

	P5
	mass %
	60.3
	11.8
	27.9
	73.0
	27.0

	
	mol.%
	10.5
	17.4
	72.1
	37.6
	62.4

	P6
	mass %
	53.5
	15.4
	31.1
	64.9
	35.1

	
	mol.%
	8.3
	20.1
	71.6
	29.1
	70.9

	P7
	mass %
	61.6
	12.1
	26.3
	72.9
	27.1

	
	mol.%
	11.1
	18.4
	70.5
	37.5
	62.5

	P8
	mass %
	60.8
	11.5
	27.6
	73.7
	26.3

	
	mol.%
	10.7
	17.2
	72.2
	38.4
	61.6

	P9
	mass %
	59.6
	12.4
	28.0
	71.8
	28.2

	
	mol.%
	10.2
	18.1
	71.6
	36.1
	63.9


GPRS22-25
Initial compositions and heating/cooling procedures during the tests are presented in Tab. 2.3. This experimental series was aimed at determining the liquid phase composition after isothermal exposure of the specified composition at 2300°C. The SiO2 content in these compositions varied from 30 up to 60 mol. %. Annealing was performed in crucibles with the external diameter of 3 mm and 0.5 mm-thick walls.

Figs. 4.121-4.128 and the corresponding Tabs. 4.102-4.105 contain the SEM/EDX data on crucible cross-sections from the GPRS22-25 experimental series. Orbicular UO2 crystals of the solid-phase nature were registered only in GPRS22. The intercrystalline space contains areas with the fine-dendritic structure. No solid phase zones were found in other tests of the series. This is an evidence that the studied compositions were above the liquidus line at 2300°С. Therefore, data on the equilibrium composition of the liquid coexisting with the solid phase can be obtained only from GPRS22.

Statistical processing of the EDX data equilibrium liquid in GPRS22 showed the SiO2 content to be 62.8±2.2 mol. %.

In general, the performed experimental series suggest a conclusion that the Ø 6 mm crucibles are the optimal ones for investigations of the system in question at monotectic temperatures and with high SiO2 content. Homogenization of the forming melt is problematic in 3-mm crucibles. Besides, the 10-min exposure is preferable concerning the refractory part of the system. However, it is better to use 3-mm crucibles in tests with this part and cover crucibles (regardless of their diameter) with molybdenum covers in order to prevent components transition into the gaseous phase.

[image: image153.png]



Fig. 4.121 – X-ray mapping of the GPRS22 axial crucible section with regions marked for the SEM/EDX analysis
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Fig. 4.122 – Microphotographs of studied GPRS22 crucible regions 

Table 4.102 - EDX data of studied GPRS22 regions

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	67.6
	8.1
	24.3
	81.5
	18.5

	
	mol.%
	13.6
	13.8
	72.6
	49.5
	50.5

	SQ2
	mass %
	70.1
	7.5
	22.4
	83.3
	16.7

	
	mol.%
	15.0
	13.6
	71.4
	52.6
	47.4

	SQ3
	mass %
	61.7
	11.4
	26.8
	74.1
	25.9

	
	mol.%
	11.1
	17.3
	71.6
	39.0
	61.0

	SQ4
	mass %
	61.7
	11.6
	26.8
	73.9
	26.1

	
	mol.%
	11.1
	17.6
	71.4
	38.6
	61.4

	SQ5
	mass %
	58.5
	12.9
	28.5
	70.6
	29.4

	
	mol.%
	9.9
	18.5
	71.6
	34.8
	65.2

	SQ6
	mass %
	59.0
	13.1
	27.8
	70.4
	29.6

	
	mol.%
	10.1
	19.0
	70.9
	34.7
	65.3

	P1
	mass %
	87.0
	0.3
	12.6
	99.3
	0.7

	
	mol.%
	31.3
	1.0
	67.6
	96.8
	3.2

	P2
	mass %
	85.5
	0.2
	14.2
	99.5
	0.5

	
	mol.%
	28.6
	0.7
	70.8
	97.8
	2.2

	P3
	mass %
	60.1
	12.4
	27.6
	72.1
	27.9

	
	mol.%
	10.4
	18.2
	71.3
	36.5
	63.5

	P4
	mass %
	50.0
	17.7
	32.2
	59.9
	40.1

	
	mol.%
	7.4
	22.1
	70.5
	25.0
	75.0

	P5
	mass %
	61.7
	11.1
	27.2
	74.6
	25.4

	
	mol.%
	11.0
	16.8
	72.2
	39.6
	60.4
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Fig. 4.123 – X-ray mapping of the GPRS23 axial crucible section with regions marked for the SEM/EDX analysis
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Fig. 4.124 – Microphotographs of studied GPRS23 crucible regions 

Table 4.103 - EDX data of studied GPRS23 regions

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	67.6
	9.7
	22.8
	78.7
	21.3

	
	mol.%
	13.8
	16.8
	69.3
	45.1
	54.9

	SQ2
	mass %
	67.1
	9.5
	23.4
	78.9
	21.1

	
	mol.%
	13.5
	16.3
	70.2
	45.4
	54.6

	SQ3
	mass %
	65.9
	9.7
	24.4
	78.3
	21.7

	
	mol.%
	12.9
	16.1
	71.1
	44.5
	55.5
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Fig. 4.125 – X-ray mapping of the GPRS24 axial crucible section with regions marked for the SEM/EDX analysis
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Fig. 4.126 – Microphotographs of studied GPRS24 crucible regions 

Table 4.104 - EDX data of studied GPRS24 regions

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	64.3
	11.2
	24.5
	75.2
	24.8

	
	mol.%
	12.3
	18.1
	69.6
	40.4
	59.6

	SQ2
	mass %
	62.9
	11.0
	26.2
	75.2
	24.8

	
	mol.%
	11.5
	17.1
	71.4
	40.3
	59.7
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Fig. 4.127 – X-ray mapping of the GPRS25 axial crucible section with regions marked for the SEM/EDX analysis
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Fig. 4.128 – Microphotographs of studied GPRS25 crucible regions 

Table 4.105 - EDX data of studied GPRS25 regions

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	64.0
	11.4
	24.6
	74.9
	25.1

	
	mol.%
	12.2
	18.3
	69.5
	39.9
	60.1

	SQ2
	mass %
	63.6
	11.2
	25.2
	75.1
	24.9

	
	mol.%
	11.9
	17.8
	70.3
	40.1
	59.9

	SQ3
	mass %
	65.9
	11.3
	22.9
	75.6
	24.4

	
	mol.%
	13.1
	19.1
	67.8
	40.8
	59.2

	P1
	mass %
	65.2
	11.3
	23.5
	75.3
	24.7

	
	mol.%
	12.8
	18.8
	68.4
	40.4
	59.6

	P2
	mass %
	63.7
	11.5
	24.8
	74.5
	25.5

	
	mol.%
	12.0
	18.4
	69.5
	39.4
	60.6


GPRS26-28, 32
This experimental series was mainly aimed at refining position of the miscibility gap critical point.

Initial compositions and heating/cooling procedures during the tests are presented in Tab. 2.3. The composition was chosen in such a way, so that volumes of the coexisting liquid phases would be approximately equal. The time of isothermal exposure required for attaining a condition close to equilibrium was 10 min.
Figs. 4.129-4.135 and the corresponding Tabs. 4.106-4.109 contain the SEM/EDX data on crucible cross-sections from GPRS26-28, 32.

A polished section from the longitudinal cut of the crucible from GPRS26 shows practically no macroheterogeneities in the microstructure. The SiO2-based matrix phase is isotropically filled with spherical UO2-based crystals with the characteristic size below 1 µm. An increase in the size and change in the character of UO2 crystallization can be observed only in the bottom area, but in terms of composition it practically does not differ from the ingot bulk composition. Therefore, the melt was most likely homogeneous during annealing and the temperature of 2200°С is above the miscibility gap critical point in this system.

Conditions in GPRS27 differed from those in GPRS26 only in terms of the isothermal exposure temperature (2175 in contrast to 2200°С). A polished section from the longitudinal cut of the crucible shows two microstructurally heterogeneous macroscopic layers. Microstructure of the upper one is practically identical to that of the crystallized melt from GPRS26. As for the lower layer, its microstructure is of the amoeboid type and is nonequilibrium. Compositions of the upper and lower layers are very similar (SiO2 content in the upper layer is 82.2±2.9 mol. % and 79.1±0.5 mol. % in the lower, amoeboid one). Such a type of microstructure indirectly suggests the closeness to the miscibility gap critical point, but not the achievement of heterogeneous status of the liquid phase at these conditions.
GPRS28 also differed from GPRS27 only in terms of the isothermal exposure temperature (2160 in contrast to 2175°С). A polished section from the longitudinal cut of the crucible shows as many as three microstructurally heterogeneous macroscopic layers. Microstructure of the upper one is practically identical to that of the crystallized melt from GPRS26. The medium layer has the amoeboid, nonequilibrium structure. The lower layer that has a smooth boundary with the amoeboid layer, most likely corresponds to the equilibrium liquid that got enriched in UO2 at the temperature, from which quenching was done. Compositions of the upper and medium layers are very similar (SiO2 content in the upper layer is 79.2 mol. %, while in the medium amoeboid one it is 78.6 mol. %). Composition of the lower layer corresponds to the SiO2 content of 74.0 mol. %. Therefore, the data from this test allow constructing a tie-line in the miscibility gap at 2160°С.

GPRS32 differed from the previous tests of the series by the temperature of isothermal exposure (2130°С). Like in GPRS28, a polished section from the longitudinal cut of the crucible shows three microstructurally heterogeneous macroscopic layers with the corresponding morphology. Compositions of the upper and medium layers are similar (SiO2 content in the upper one is 82.2±0.6 mol. %, while in the medium, amoeboid one it is79.5±0.7 mol. %). It indirectly confirms the nonequilibrium nature of the amoeboid layer. Composition of the lower layer corresponds to the SiO2 content of 72.7±0.4 mol. %. The data from this test can be used for constructing a tie-line in the miscibility gap at 2130°С.
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Fig. 4.129- A polished section from GRS26 with regions marked for the SEM/EDX analysis
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Fig. 4.130 – Microphotographs of studied GPRS26 crucible regions 

Table 4.106 - EDX data of studied GPRS26 regions

	#
	UO2
	SiO2

	SQ1
	mass %
	52.7
	47.3

	
	mol.%
	19.9
	80.1

	SQ2
	mass %
	52.0
	48.0

	
	mol.%
	19.5
	80.5
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Fig. 4.131 – X-ray mapping of the GPRS27 axial crucible section with regions marked for the SEM/EDX analysis
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Fig. 4.132 – Microphotographs of studied GPRS27 crucible regions 

Table 4.107 - EDX data of studied GPRS27 regions

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	43.6
	21.7
	34.7
	51.6
	48.4

	
	mol.%
	5.9
	24.7
	69.4
	19.2
	80.8

	SQ2
	mass %
	46.7
	20.3
	32.9
	54.9
	45.1

	
	mol.%
	6.6
	24.3
	69.1
	21.3
	78.7

	SQ3
	mass %
	42.8
	22.1
	35.1
	50.7
	49.3

	
	mol.%
	5.7
	24.9
	69.4
	18.6
	81.4

	SQ4
	mass %
	38.4
	26.4
	35.2
	43.5
	56.5

	
	mol.%
	4.9
	28.5
	66.6
	14.6
	85.4

	SQ5
	mass %
	45.6
	20.8
	33.6
	53.8
	46.2

	
	mol.%
	6.3
	24.4
	69.3
	20.6
	79.4

	SQ6
	mass %
	45.7
	21.1
	33.1
	53.4
	46.6

	
	mol.%
	6.4
	24.9
	68.7
	20.3
	79.7

	SQ7
	mass %
	60.6
	13.9
	25.6
	69.8
	30.2

	
	mol.%
	10.8
	21.1
	68.1
	34.0
	66.0

	SQ8
	mass %
	53.7
	17.3
	29.0
	62.2
	37.8

	
	mol.%
	8.5
	23.2
	68.3
	26.8
	73.2

	P1
	mass %
	46.2
	21.4
	32.4
	53.4
	46.6

	
	mol.%
	6.5
	25.5
	68.0
	20.3
	79.7

	P2
	mass %
	35.8
	27.3
	37.0
	41.0
	59.0

	
	mol.%
	4.4
	28.3
	67.3
	13.4
	86.6

	P3
	mass %
	61.6
	12.4
	26.0
	72.5
	27.5

	
	mol.%
	11.1
	19.0
	69.8
	36.9
	63.1

	P4
	mass %
	96.7
	0.5
	2.9
	99.1
	0.9

	
	mol.%
	67.4
	2.8
	29.8
	96.0
	4.0

	P5
	mass %
	74.5
	7.0
	18.5
	85.0
	15.0

	
	mol.%
	18.2
	14.4
	67.4
	55.8
	44.2

	P6
	mass %
	37.3
	27.2
	35.6
	42.1
	57.9

	
	mol.%
	4.7
	28.9
	66.4
	13.9
	86.1

	P7
	mass %
	51.7
	18.0
	30.3
	60.4
	39.6

	
	mol.%
	7.9
	23.3
	68.8
	25.3
	74.7
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Fig. 4.133 – Microphotographs of studied GPRS28 crucible regions 

Table 4.108 - EDX data of studied GPRS28 regions

	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	53.9
	18.1
	28.0
	61.3
	38.7

	
	mol.%
	8.7
	24.6
	66.8
	26.0
	74.0

	SQ2
	mass %
	48.7
	21.1
	30.2
	55.0
	45.0

	
	mol.%
	7.2
	26.4
	66.4
	21.4
	78.6

	SQ3
	mass %
	47.4
	21.4
	31.2
	54.1
	45.9

	
	mol.%
	6.8
	26.1
	67.0
	20.8
	79.2

	P1
	mass %
	67.9
	9.9
	22.2
	78.5
	21.5

	
	mol.%
	14.1
	17.3
	68.6
	44.8
	55.2

	P2
	mass %
	60.2
	13.7
	26.2
	70.0
	30.0

	
	mol.%
	10.6
	20.5
	68.9
	34.2
	65.8

	P3
	mass %
	35.8
	27.0
	37.2
	41.3
	58.7

	
	mol.%
	4.4
	27.9
	67.7
	13.6
	86.4

	P4
	mass %
	38.4
	26.7
	34.9
	43.3
	56.7

	
	mol.%
	4.9
	28.8
	66.3
	14.5
	85.5

	P5
	mass %
	34.5
	28.7
	36.9
	38.9
	61.1

	
	mol.%
	4.2
	29.4
	66.4
	12.4
	87.6

	P6
	mass %
	60.8
	15.1
	24.1
	68.1
	31.9

	
	mol.%
	11.1
	23.4
	65.5
	32.2
	67.8

	P7
	mass %
	56.0
	16.8
	27.2
	63.8
	36.2

	
	mol.%
	9.3
	23.6
	67.1
	28.2
	71.8

	P8
	mass %
	47.1
	20.4
	32.5
	55.1
	44.9

	
	mol.%
	6.7
	24.6
	68.7
	21.4
	78.6

	P9
	mass %
	47.4
	21.2
	31.4
	54.3
	45.7

	
	mol.%
	6.8
	25.9
	67.3
	20.9
	79.1
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Fig. 4.134 – X-ray mapping of the GPRS32 axial crucible section with regions marked for the SEM/EDX analysis
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Fig. 4.135 – Microphotographs of studied GPRS32 crucible regions 

Table 4.109 - EDX data of studied GPRS32 regions
	#
	U
	Si
	O
	UO2
	SiO2

	SQ1
	mass %
	45.7
	22.7
	31.6
	51.7
	48.3

	
	mol.%
	6.5
	27.1
	66.4
	19.2
	80.8

	SQ2
	mass %
	42.8
	24.1
	33.1
	48.5
	51.5

	
	mol.%
	5.8
	27.6
	66.6
	17.4
	82.6

	SQ3
	mass %
	48.6
	21.6
	29.8
	54.4
	45.6

	
	mol.%
	7.2
	27.2
	65.6
	21.0
	79.0

	SQ4
	mass %
	55.6
	17.2
	27.2
	63.1
	36.9

	
	mol.%
	9.2
	24.1
	66.7
	27.6
	72.4

	SQ5
	mass %
	54.8
	17.4
	27.8
	62.6
	37.4

	
	mol.%
	8.9
	23.9
	67.1
	27.1
	72.9

	SQ6
	mass %
	47.3
	22.4
	30.4
	52.9
	47.1

	
	mol.%
	6.9
	27.5
	65.6
	20.0
	80.0

	SQ7
	mass %
	50.7
	19.9
	29.4
	57.4
	42.6

	
	mol.%
	7.7
	25.7
	66.6
	23.1
	76.9

	SQ8
	mass %
	40.5
	26.0
	33.4
	45.2
	54.8

	
	mol.%
	5.3
	29.1
	65.6
	15.5
	84.5

	SQ9
	mass %
	44.6
	23.7
	31.7
	50.0
	50.0

	
	mol.%
	6.2
	28.0
	65.8
	18.2
	81.8

	P1
	mass %
	65.3
	12.3
	22.4
	73.8
	26.2

	
	mol.%
	13.0
	20.7
	66.3
	38.5
	61.5

	P2
	mass %
	37.7
	27.4
	34.9
	42.2
	57.8

	
	mol.%
	4.8
	29.4
	65.8
	14.0
	86.0

	P3
	mass %
	66.5
	12.1
	21.4
	74.4
	25.6

	
	mol.%
	13.6
	21.1
	65.3
	39.3
	60.7

	P4
	mass %
	38.5
	28.0
	33.5
	42.2
	57.8

	
	mol.%
	5.0
	30.7
	64.3
	14.0
	86.0

	P5
	mass %
	33.1
	30.8
	36.2
	36.3
	63.7

	
	mol.%
	4.0
	31.3
	64.7
	11.3
	88.7

	P6
	mass %
	44.1
	23.6
	32.3
	49.8
	50.2

	
	mol.%
	6.1
	27.6
	66.3
	18.1
	81.9


5. Discussion of results
High viscosity and low electric conductivity of melts in the UO2–SiO2 system on the silica-rich side, as well as the liquid-phase stratification followed by formation of a viscous, nonconducting phase prone to vitrification, make it problematic to apply VPA IMCC in phase equilibrium studies of this domain of the system. The most informative in this case is the annealing/quenching method realized in the Galakhov microfurnace. On the other hand, the use of VPA IMCC has no alternative as a technique for investigating liquidus of the UO2–SiO2 system in the urania-rich domain, since this technique allows raising melt temperature high and maintaining it for a long time without interaction with the crucible. It should be stressed that this system is quite problematic not only in terms of selecting techniques and instrumentation for phase equilibrium studies, but also from the point of view of preparing the charge and samples and performing posttest analyses. In the first place, this is due to a significant difference in masses of system components, which complicates homogenization of the charge and of samples, and decreases accuracy of analyses that determine content of a component by intensity of X-ray characteristic lines (EDX, XRF, etc).

In order to compare quality of the performed measurements, Tab. 5.1 offers a comparison of components content in homogeneous samples of the melt from PRS1-3, 8 and 9 determined by two independent methods, namely chemical analysis and EDX.
Table 5.1. -Comparison of the XRF, chemical analysis and EDX data on the composition of melt samples from PRS series
	Test
	Sample
	ХА
	EDX
	VPA

	
	
	Content, mol. %
	Tliq, (С

	
	
	UO2
	SiO2
	UO2
	SiO2
	

	PRS1
	average
	54.8(7.7
	45.2(7.7
	54.2(2.2
	45.8(2.2
	2400(50

	PRS2
	
	41.3(3.4
	58.7(3.4
	42.4(4.7
	57.6(4.7
	2360(50

	PRS3 (I)
	
	59.4
	40.6
	63.7(3.0
	36.3(3.0
	2400(50

	PRS3 (II)
	
	65.8(4.7
	34.2(4.7
	70.9(2.0
	29.1(2.0
	2480(50

	PRS9
	
	77.3(0.8
	22.7(0.8
	79.5(3.3
	20.5(3.3
	2560(60


This comparison shows the chemical analysis and EDX data from Tab. 5.1 to be similar with a difference not exceeding 5 mol. %. The greatest difference is observed for sample from PRS8 and the reason is in the strong heterogeneity (nonequilibrium stratification) in this sample. Therefore, the possible effects that potentially can hamper determination of light elements in the heavy matrix (Si in U) can be neglected in this case and the EDX data from the local areas can be compared with the chemical analysis data without any corrections for methodological discrepancies.
Microstructure and composition of the crystallized melt in the UO2-rich area in both PRS and GPRS series allows suggesting that the system contains a substance that stoichiometrically corresponds to USiO4. However, the obtained data did not let us determine the type of compound (stable or metastable), the character of its decomposition (melting with decay, or melting without decay, or decomposition in the solid phase) and the temperature range of its stability.

The annealing/quenching procedures performed in the Galakhov microfurnace and followed by the SEM/EDX analysis resulted in refining data on the binodal curve in the UO2-SiO2 system and determining the miscibility gap critical point.

Though the eutectic area itself was not studied, it may be supposed that the composition of the SiO2-rich zones from PRS2 is sufficiently close to eutectic.
6. Conclusions
1. Boundaries of the miscibility gap have been refined. The SiO2 content in the coexisting light and heavy liquids at the monotectic temperature equals 88.0±0.7 and 70.9±1.2 mol. % SiO2 respectively. The miscibility gap critical point lies between 2160 and 2175С. The miscibility gap is asymmetrical; the bimodal curve is more flat on the SiO2 side.
2. The liquidus line position in the high-temperature domain of the system has been determined.

3. The existence of U1+xSi1-xO4 in a narrow (or even metastable) temperature range of stability has been hypothesized.

4. The obtained experimental data allowed constructing a phase diagram of the системы UO2–SiO2 binary system (see Fig. 6.1).
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Fig. 6.1 – Phase diagram of the UO2–SiO2

SD – Spinodal decomposition of USiO4 phase; PCF – primary crystallization phase
References
1. Lang S.M., Knudsen F.P., Fillmore C.L., Roth R.S. High-temperature reactions of uranium dioxide with various metal oxides. // Nat. Bur. Stand. Circular. 568. 1956. P. 1-32. (http://www.dtic.mil/dtic/tr/fulltext/u2/a286648.pdf)
2. Fuchs L.H., Hoekstra H.R. The preparation and properties of uranium (IV) silicate // Amer. Mineralogist. 1959, V.44, # 9—10, P. 1057-1959. (http://www.minsocam.org/ammin/AM44/AM44_1057.pdf)
3. Lungu S.N. Equilibrium diagram and masses from the molten SiO2-UO2 system // Revue de Physique, Roumaine Acad. Sci. 1962. V. 7. N 4. P. 419-425 (In Russian).
4. Lungu S.N. Etude des courbes de liquidus et des proprietes thermodynamiques des systemes SiO2-ThO2 et SiO2-ThO2-UO2 // JNM. 1966. V. 19. P. 155-159.

5. Lungu S.N., Beleuta I.L. Some properties of UO2-SiO2 melts // JNM. 1970. V. 35. P. 35-40.
6. Lungu S.N., Beleuta I.L., Apostol D., Radulescu O. Some theoretical aspects in the spinodal decomposition and crystallization of silicate melts. Experimental results for the UO2-SiO2 system // JNM. 1973. V. 48. P. 165-171.

7. Soyfer V. Chernobylite: Technogenic Mineral // JPRS Report. Science & Technology. USSR: Chemistry. JPRS-UCH-91-004. 1991. P.29. (http://www.dtic.mil/cgi-bin/GetTRDoc?AD =ADA360559&Location=U2&doc=GetTRDoc.pdf)
8. Bechta S.V., Gusarov V.V., Almiashev V.I., Mezentseva L.P. et al. / Investigation of binary oxidic systems. System UO2– SiO2. // ISTC PROJECT # 1950.2. Final report, 2006.
9. Viting L.M. High-Temperature Solution-Melts. Moscow: Moscow State University. 1991
10. Bechta S.V., Granovsky V.S., Khabensky V.B., Gusarov V.V., Almiashev V.I., Mezentseva L.P., Krushinov E.V., Kotova S.Yu., Kosarevsky R.A., Barrachin M., Bottomley D., Fichot F., Fischer M. Corium phase equilibria based on MASCA, METCOR and CORPHAD results // NED, 238, 2761-2771 (2008).

11. Stepanova S. V., Tsivinsky Yu., Zatulovsky L. M., Kopylov V. A., Kravetsky D. Ya. Determination of the temperature axial gradient and the degree of supercooling at the crystallization front in sapphire crystals production by the Stepanov method // Kristallografiya J. (Crystallography), 1982, V.27, Issue 3. pp. 578-583.

12. M.V.Pikunov. Metals melting, alloys crystallization, ingots solidification. M. MISIS. 1997.

13. Petrov Yu., Udalov Yu., Jurek K., Sazavsky P., Kiselova M., Selucky P., Journeau C., Piluso P. New miscibility gap for ex-vessel corium oxide compositions  \\ ICAPP’ 04 , Pittsburgh, PA USA, June 13-17, 2004. Paper 4077.
14. Galakhov F.Ya. High-temperature microfurnace for heterogeneous equilibria investigations in refractory oxide systems, in: Modern techniques of silicate and construction materials studies. Gosstroyizdat Publishers, Moscow, 1961, pp. 178-183 (In Russian).

15. Florence T.M.  Analytical methods in the nuclear fuel cycle / Vienna: JAEA, 1972.

16.  Methods for determining the O/U ratios in the pre-stoichiometric urania. Radiochem., V.36, Issue 3, 1994.

17. D.I.Ryabchikov, M.M.Senyavin. Analytical chemistry of uranium. Moscow. Publishing House of the Acad. of Sci. of the USSR. 1962.

18. V.F. Lukyanov, S.B. Savvin, I.V. Nikolskaya. Photometry of uranium microquantities with arsenazo III. J. Analyt. Chem., V. XV, Issue 3. 1960.













































































































































































































































































































PAGE  
2

[image: image173.jpg]


[image: image174.jpg]


[image: image175.jpg]


[image: image176.jpg]


[image: image177.jpg]


_1402870431.doc


1650±10







SiO2







80







60







40







20







UO2







1800







mol. %







UO2 + SiO2







1400







1600







2000







2200







UO2 + L







L







SiO2



 +



 L







T, (C












_1402909921.doc


2070±10







Initial composition







- [3-6]







mol %







2080







L1 + L2







L







2800







T, (C







UO2 + L







2400







2200







1800







1600







UO2 + SiO2







2000







UO2







20







40







60







80







SiO2







1719±10







2600







- [8]












_1411975814.doc


3000







2800







2600







2400







PRS9







PRS3







PRS2







PRS1







UO2







SiO2







GPRS32







GPRS28







GPRS22







GPRS18-21







GPRS14-17







GPRS8







GPRS3







GPRS_Liq







GPRS2







SD_PRS9







PCF_PRS9







EDX9







Cha9







PRS9







SD_PRS3







PCF_PRS3







EDX3







Cha3







PRS3_II







PRS3_I







Eut_PRS2







SD_PRS2







PCF_PRS2







EDX2







Cha2







PRS2







SiO2







UO2







EDX1







PRS1







Cha1







T,(C







mol.%







«U1+xSi1-xO4»







80







60







40







20







2200







3000







2800







2600







2400







2200







2000







1800







1600







2000







1800







1600












_1375372463.doc


2070±10







Primary crystallization path







L







2800







T, (C







UO2 + L







2400







2200







1800







1600







UO2 + SiO2







2000







UO2







20







40







60







80







SiO2







1719±10







2600







mol. %















1600







1400







1000







1200







L1 + L2











L















2800







T, (C







UO2 + L







2400







2200







1800







UO2 + SiO2







2000







UO2







20







40







60







80







SiO2







(a)























2600







mol. %















(b)












