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Introduction
The investigations completed within the ISTC PRECOS Project were aimed at specifying phase diagrams of corium-based systems and products of its interaction with NPP materials. They provided the experimental measurement of liquidus temperature of the multicomponent mixture of prototypic corium. The availability of reliable liquidus and solidus value is critical for the correct verification of thermodynamical codes, which model phase diagrams of multicomponent systems, which are formed by the interaction of core melt with structural and construction materials of reactor, concrete pit and core catcher.

Objective of the last stage within the project: experimental measurement of liquidus temperatures of the prototypic multicomponent ex-vessel corium. Compositions of mixtures were recommended by French and German collaborators as well as by the Russian participants of the Project.

1. Experimental techniques and installations description
At present, there does not exist a single universal method that can be applied in phase diagram investigations to obtain reliable and accurate temperatures of phase transformations, including Tsol and Tliq for the systems with specified compositions, in wide range of varied gas medium compositions. In this relation, the ongoing improvement of techniques for the investigation of phase diagrams is combined with the use of a complex of mutually complementary methods ensuring a higher reliability of data from experimental studies.

1.1. Visual polythermal analysis in a cold crucible (VPA IMCC)
The method of visual polythermal analysis (VPA) [1] 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 [2], the procedural error does not exceed 10(С.

Studies with compositions recommended by German and French collaborators (PRS21, 22) were on the Rasplav-4 setup powered by the HF valve “Crystal-401” 5.28 MHz generator. Fig. 1.1 gives the schematics of induction furnace with a cold crucible.
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1 – drover for vertical shift of the crucible 2 – pyrometer combined with video camera; 3 – pyrometer shaft;
4– water-cooled cover; 5 – quartz tube; 6 – crucible section; 7 - melt; 8 - inductor; 9 – bottom calorimeter; 
10 – data acquisition system; 11 – device for inserting measured values into video frames; 12 – monitor/video recorder.

Fig. 1.1 - RASPLAV-4 schematics

The molten pool surface is observed using video registration system (11 in Fig. 1.1) coupled with pyrometer (2). The system pastes the measured temperature values and the pyrometer sighting spot position at 50 Hz into each frame of the video record made by video camera (2) and device for inserting measured values into video frames (12). 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.

A sample was taken to determine the melt composition. Liquidus temperature was evaluated by the VPA IMCC method [3]. For that a local cooling was arranged on the surface of the molten pool, which was superheated in the main volume. This was achieved by removing the melt surface from the inductor – the melt temperature dropped only in a thin surface layer. The temperature of melt surface coexisting with the “embryos” of the solid phase observed as the dark film/crust was taken for the liquidus temperature. After that the crucible was returned to the initial position, after the thermal balance was reestablished, after close parameters of melting, in particular, heat flux into the crucible walls and bottom, the procedure was repeated  to provide statistically reliable temperature measurements. Studies for the Russian composition (PRS28) were conducted at the Rasplav-3 facility with a power supplied by the HF 120 kHz generator. The similar methodology was applied for measuring liquidus temperature. Rasplav-3 schematics is presented in   Fig. 1.2.
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1 – quartz view port; 2 – water-cooled cover; 3 – water-cooled pyrometer shaft; 4 – quartz tube; 5 – crucible section; 6 – melt; 7 – inductor; 8 – crust; 9 – water-cooled bottom calorimeter; 10 –– non-cooled electromagnetic screent

Fig. 1.2 - RASPLAV-3 schematics

1.2. The Galakhov method (VPA GM)
Tliq and Tsol were determined by visual polythermal analysis in the Galakhov microfurnace [4] (see the diagram in Fig. 1.3).

The microfurnace consists of the metallic water-cooled disc (bottom) with fittings for pumping air out and filling the furnace volume with neutral gas. Electrode holders are inserted into the furnace through the bottom. They are isolated from the disc by mica gaskets and are hermetically sealed from the outside.
The electrode legs hold the spiral-shaped tungsten heater. The working space of the furnace is a cylinder 20-22 mm high and Ø 5.5-6 mm (the isothermal heating zone in the heater inner space). To decrease heat dispersion and create conditions close to isothermal, the heating coil is surrounded with a tungsten screen attached to one of the legs.
A special device is used for placing the specimen into the microfurnace. The tested specimen with the characteristic size of about 2 mm across is placed in the ‘loop’ of the molybdenum or iridium holding wire 0.1 ‑ 0.3 mm thick. The length of the wire ensures location of the specimen in the center of the isothermal zone.
The microfurnace design also envisages specimens quenching (their dumping from the isothermal zone into a special water-cooled trough).
The microfurnace is isolated from the environment by a water-cooled metallic hood. During heating in a neutral gas (when the pressure is excessive) the hood is pressed down to the disc by a special ring. The central upper part of the hood has a quartz viewport. Melting and other visible changes in the specimen are registered by the video recording system.


[image: image4]
Fig. 1.3 - Galakhov microfurnace diagram
When vacuum is insufficient, the tungsten heater tends to oxidize and the resulting oxide can coat the specimen with a film, thus causing errors in melting temperature measurements. Therefore, the air is pumped out by the high-pressure vacuum pump and diffusion pump down to no less than 1 – 0.1 Pa. After that, the furnace space is washed with a neutral gas no less than two times.
Melting and other visible changes in the specimen are registered by the video recording system coupled with a pyrometer. The system pastes the measured specimen temperature values at 50 Hz into each frame of the video record made by the video camera and PC. The specimen temperature is measured by the spectral ratio pyrometer RAYTEK MR1-SC. Heating is controlled automatically according to the preset heating and cooling curves. Tsol is defined as the temperature at which the specimen deformation begins, while Tliq is defined as the moment of specimen spreading over the molybdenum (iridium) holding wire surface.

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

· Heating until the appearance of the liquid phase proceeds very quickly (ca. 10 s) in the Galakhov microfurnace. It follows from this that the moment of spreading is recorded when viscosity is low, as under these conditions the rate of spreading is high.
· The specimen is prepared in such a way, so that the refractory phase forms the skeleton structure (rod quenching of a sample during the IMCC). Thus, the prepared specimen starts spreading only when the skeleton becomes destroyed. It happens only when the amount of solid phase in the system does not exceed 5%.

· The specimen is quenched rapidly by dumping it from the heating zone. Microstructural studies of the quenched specimens show the absence of relic (nonmelted) areas, thus confirming the complete melting of specimens.
· The data of visual thermal analysis in the Galakhov microfurnace are corroborated by those of the differential thermal analysis (a classical one in phase diagrams constructing), as well as by the data generated by other methods, for instance, by VPA IMCC.

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

1.3. Differential thermal analysis

French SETSYS Evolution-2400 analyzer was used for determining solidus and, if possible, liquidus temperatures by the DTA method.

SETSYS Evolution TAG-2400, (Fig. 1.5) operates in the temperature range from 196 (C to 2400 (C and used for the DSC, DTA, TG-DTA and TG-DSC measurements. Its precision is ±0.25 (C. The gas-proof experimental section can be degassed or filled with air, argon, helium or carbonic acid. Such system provides the necessary information about oxidation-sensitive samples.

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

The DTA was used only for determining solidus temperature.. The specimens for studies were prepared from quenched melt samples or ingots. Solidus temperature was determined from the start of endothermic effect at specimen heating.

	[image: image144.png]


[image: image145.wmf] 

 


[image: image5]
	
[image: image6]


Fig. 1. 4 - System SETSYS Evolution-2400

1.4. Visual polythermal analysis in the high-temperature 
The high-temperature microscope designed by N.A. Toropov, which was developed in the ISC USSR Academy of Sciences in the 60th year of XX century enables to conduct the VPA of oxidic systems up to 2300(С [5].

The schematics of high-temperature microscope (HTM) is given in Fig. 1.5. The microscope measured temperature range is 1000-2300 (C. The HTM measurements can be made in the inert (He, Ar), reducing and oxidizing atmospheres (e.g. in gas mixtures with a set oxygen partial pressures or using the oxygen pump).

The powdered oxidic specimen is placed on the end of loop-shaped holder-heater. Its traditional material is iridium, but platinum, tungsten, and other refractory materials can also be used.

The HTM calibration is made using reference oxides with the known melting temperature (K2SO4, CaAl2O4, Al2SiO5, Al2O3, Er2O3 etc.), or using high-temperature pyrometer. Similar to the Galakhov microfurnace the rate in the measured area is optimized in terms of viscosity of studied melts (normally it is the rate of 5 (С/s).

[image: image7.wmf] 
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1 – chamber with quartz walls; 2 – cartridge with a specimen; 3 – silver electrodes; 4 – specimen holder-heater (Ir, Pt, W, Mo); 5 – powdered oxidic specimen; 6 – gas supply system; 7 – water-cooling system for the chamber; 8 – specimen lighting device; 9 – long-focus microscope (240-times magnification); 10 – video camera; 11 – controlled power source; 12 – monitoring and management system; 13 – specimen in the holder at heating.

Fig. 1.5 - Schematics of high-temperature microscope

The specimen melting is recorded by the digital camera with a subsequent frame-by-frame analysis of the video. Solidus temperature is registered as the temperature, at which the powder sintering starts – it indicates the appearance of liquid phase in the system. Liquidus temperature is registered as the complete spreading of specimen on the holder. 

Beside the data on characteristic temperatures this method provides information on the surface tension in the studied refractory oxidic systems (Fig. 1.5, (13) – last frame). A considerable temperature gradient inherent for this method is advantageous for its application for the steady states and meta-stable phases.

Small masses of used portions (< 1 mg) as well as the small mass and good thermal conductivity of the holder-heater enable specimen quenching by power disconnection. After quenching the XRF and microstructural studies of the produced specimen can be made, also the elemental analysis of phases.

The VPA HTM temperature measurement error is (30 (C. The systematic error can be explained by a possible higher than actual values due to the method dynamics, and by possible lower than actual temperatures due to the impossibility to register visually the very start of specimen melting without measuring other parameters (the liquid phase is too small for visual recording) and the complete melting (certain presence of the solid phase at visually complete specimen spreading on the holder).

2. VPA IMCC studies. Experiments PRS21, 22, 28
2.1. Analysis of the initial charge materials
During the test preparation the used FeO was analyzed for the content of main component and admixtures.

The content of metallic iron Fe0 was measured by the copper-sulfate method.

The method is based on the replacement of copper with metallic iron when the analyzed specimen powder is treated with the bluestone solution [6, 7]. Fe2+ ions equivalent to Femet, are titrated with the solution of potassium bichromate in presence of the redox indicator of sodium phenyl-amino sulfate .

The method enables to determine the content of metallic iron in powder specimens, if the iron content is below 0.5%.

Equations of the reactions:

Fe+CuSO4=FeSO4+Cu↓
(2.1)

6FeSO4+K2Cr2O7+7H2SO4=Cr2(SO4)3+3Fe2(SO4)3+K2SO4+7H2O
(2.2)

Content of metallic iron (С, mass%) is calculated in the following way:

CFe met.= (100((a-b)(T)/m ,
(2.3)

where: 

а –0.1 n of  potassium bichromate solution spent on titration, ml;

b – 0.1 n of  potassium bichromate solution spent on titration of the solution in the reference experiment, ml;

Т – titre of 0.1 n potassium bichromate solution recalculated for the grams of metallic iron;

m – weighed portion corresponding to the aliquot part of the solution used for titration, g.

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

The method is based on the reaction of orthophenanthroline (1.10- phenanthroline) with ions of Fe(II), which produces a complex bright-orange compound. The intensity of coloring is in proportion to the iron concentration. Due to a high stability of the compound (constant of the formation is 9.8·1021) the optical density does not depend on рН within 2-9 limits. The coloring develops fast at рН=3.0-3.5 in presence of  orthophenanthroline in excess; it remains stable during several weeks. In more oxidic solutions the coloring develops slower and it is weaker. Direct evaluation of iron  is possible at its mass concentration from 0.5 to 2.0 mg/dm3 [8-11]. The method enables a separate identification  of ferrous iron and total iron in the solution. The presence of ferric iron is calculated from the difference between Fe (II) and total iron. The mass concentration of iron (Х) in mg/dm3 is calculated from:

X=(C(25)/V ,
(2.4)

where:

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

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

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

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

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

The essence is in the calcination of the UO2±x–containing powder up to U3O8 followed by the O/U ratio calculation from the mass change during calcination [12, 13] using the equation:

UOx+(2.67-x)O(UO2.67
(2.5)

Calculations employ the formula
O/U= (42.72A-280.75()/16.00A
(2.6)

where:

А is the analytical sample after calcination, g;

( is the mass change during calcination, g.

Composition of charge components is presented in Tab. 2.1.

Table 2.1 – Charge components composition
	Components
	Main substance content, %
	Impurities, mass %
	Notes

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

	UO2.3
	>99.0
	Fe<0.03; As<0.0003; CuO<0.01; phosphates <0.002; chlorides <0.003.
	thermogravimetry

	Powdered ZrO2, < 100 µm dispersivity
	(ZrO2+HfO2) >99.3
	Al2O3<0.03; Fe2O3<0.05; CaO<0.03; MgO<0.02; SiO2<0.2; TiO2<0.1; P2O5<0.15; (Na2O+K2O)<0.02.
	Passport data

	Fe2O3
	>98.0
	Insolvable substances-0.04; N-0.001; Si-0.04; (Ca+Mg)-0.068; Cu-0.006; (K+Na)-0.032
	Passport data

	FeO
	67.68
	Fe2O3-30.86; Fe-0.57
	In accordance with chemical analysis

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

	SiO2
	>98.5
	Fe-0.001, Pb-0.002, nitrate-0.001, sulphates -0.01, chlorides – 0.001
	Passport data

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

	Al2O3
	>97.
	Si<0.05, chlorides <0.05, sulphates <0.2, Fe<0.05, alkali <0.1
	Passport data

	MgO
	>98.0
	Insolvable substances -0.02; solvable substances - 0.75; S-0.005; phosphates -0.002; chlorides -0.004; Al-0.01; Ba-0.003; Fe-0.005; Si-0.02; Ca-0.005; Cu-0.0005; As-0.00005; Pb-0.002
	Passport data

	Cr2O3
	>99.0
	chlorides <0.003, sulphates <0.01, Fe<0.01, substances  solvable in water -0.1, Pb-0.005
	Passport data


It should be noted that initial components charged into the crucible were uniformly distributed along the crucible height.

2.2. Tests specification
All in all, three tests PRS- series. Specifications of compositions are summarized in Tab. 2.2.

Table 2.2 – Experimental matrix of PRS21, 22, 28
	Components
	Content, mass, %

	
	PRS21
	PRS22
	PRS28

	UO2
	33.500
	
	50.800

	UO2.3
	
	47.600
	

	ZrO2
	21.200
	16.000
	19.700

	SiO2
	22.200
	16.800
	-

	CaO
	6.000
	4.300
	0.174

	FeO
	15.600
	-
	14.600

	Fe2O3
	-
	13.800
	-

	MgO
	0.100
	-
	-

	Al2O3
	1.400
	1.500
	14.726

	Total
	100.000
	100.000
	100.000

	Atmosphere
	Ar
	Air
	Ar

	Mass of charge, g
	298.47
	279.609
	3676.509


2.3. Experimental procedures
Test PRS21
The IMCC production of the melt containing Si and Ca oxides is complicated by the low electric conductivity of the melts and intensive gas release. Nitrogen was chosen for the inert atmosphere for the stoichiometry of iron oxide in the form of wustite.

The startup heating was conducted for a long period of time, the charge was added, melt homogenized and molten pool formed. At charge melting, its sedimentation on crucible sections above the molten pool the crusts of sintered charge stayed, which could not be knocked down into the melt. The measured pool depth and bottom crust were 38 and 8 mm respectively. The pool surface temperature was approx. 2420 (С, at this intensive aerosol generation was observed. In this way the molten pool was produced, the composition of which can differ from the average charge composition due to the unmolten crusts and bottom crust. After the pool exposition and homogenization liquidus temperature was measured three times and there samples were taken. After the measurements heating was disconnected and ingot was crystallized in the nitrogen atmosphere.
Fig. 2.1 shows the HF generator plate voltage and melt surface temperature versus time. Fig. 2.2 shows the thermogram of measured liquidus temperatures.
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Fig. 2.1 -History of the anode voltage (Ua) and pyrometer readings (Tmel) in PRS21
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Fig. 2.2 –Thermogram fragment from PRS21
The VPA IMCC thermograms demonstrate an exothermal effect, which takes place at the time when the film (dark areas in micro-frames) covers the melt surface (Fig. 2.2). The film heating is likely to be explained by the heat release of the refractory phase crystallization. If this is so, it can be assumed that liquidus temperature is in the 1980-2160 (С temperature range, which corresponds to the maximum temperature at the moment when the film covers the pyrometer sighting spot completely, and to the minimum melt temperature before the film appearance on its surface. The average liquidus temperature in the multicomponent system of this composition is 2070±90 (С.
Another peculiarity of this experiment should also be noted. The dynamic characteristics of the film formed on the melt surface are not typical for the solid phase. It can be explained by its fuzzy condition – intermediate state between solidus and liquidus of the system. At such behavior the solid phase should be in the dispersed state, without forming the skeleton structure. Such condition is typical of silicate melts with a high content of SiO2.  

Beside the mentioned exothermal effect, at further cooling of melt surface layers  the thermogram shows a one more exothermal effect at 1655±35 (С, it probably is accompanied by a sharp growth of melt viscosity. 

Test PRS22
In agreement with German collaborators the experiment was made in air. The initial stage included startup heating, charge addition, homogenization and molten pool formation. The measured pool depth and bottom crust thickness were  52 and 1 mm respectively. Surface temperature of molten pool was approx. 2350 (С, at this the intensive aerosol generation was observed. After a short exposition of molten pool 4 melt samples were taken and 4 liquidus temperature measurements were made. After the measurements the HF heating was disconnected and the ingot was crystallized in air.

Fig. 2.3 shows the HF generator plate voltage and melt surface temperature versus time. Fig. 2.4 shows the thermogram of measured liquidus temperatures.
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Fig. 2.3 -History of the anode voltage (Ua) and pyrometer readings (Tmel) in PRS22
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Fig. 2.4 –Thermogram fragments from PRS22
Similar to experiment PRS21 the thermograms produced by the VPA IMCC show the exothermal effect of the solid phase crystallization (Fig. 2.4 a-d). Liquidus temperature can probably be attributed to the average temperature between the maximum, when the film covers the pyrometer sighting spot completely, and temperature minimum before the film appearance on the melt surface. Therefore, for this experiment liquidus temperature lies within the range of 2100-2150 (С, I.e. the average liquidus temperature for this multicomponent system is 2125±50 (С. 

It should be noted that at the HF heating disconnection the crystallization front  starts spreading on the film surface at 1620 (С.

Test PRS28

The experiment was made in the inert atmosphere on the Rasplav-3 test facility in a new 100 mm-diameter melter. The startup heating and molten pool formation were performed. The charge was added for a higher melt level. After the melt homogenization the molten pool depth and bottom crust thickness were measured, they were 75 and 2 mm respectively. Temperature of the molten pool surface was approx. 2300 (С. After the melt exposition 3 melt samples were taken and 3 liquidus temperature measurements were made. After the measurements thermal characteristics of the new melter were examined, following this the HF heating was disconnected and the ingot was crystallized.

Fig. 2.6 shows the HF generator plate voltage and melt surface temperature versus time. Fig. 2.7 shows the thermograms of measured liquidus temperature.
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Fig. 2.6 -History of the anode voltage (Ua) and pyrometer readings (Tmel) in PRS28
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Fig. 2.7 –Thermogram fragments from PRS28
Differently from PRS21, 22 SiO2 is not present in the melt composition, for this reason the moments of solid phase formation on the  melt surface are clearly seen in the video recording. The analysis of thermograms produced by VPA IMCC provides a conclusion that the average (using the data of three measurements) value of liquidus temperature for the system with studied composition is 1920±40 ºС. The three thermograms distinctly show the thermal effect at the surface crust cooling in the range of temperatures around 1500 ºC. A distinct recrystallization takes place in this temperature range (light spots on grey background) with heat release (Fig. 2.7). This phenomenon is probably related to the stage when the system reaches the solidus temperature.

3. Posttest analyses
3.1. Test  PRS21
Ingot macrostructure

At the furnace disassembly aerosol depositions were found on the crucible section walls (Fig. 3.1). Crust thickness between the bottom calorimeter and corium ingot was approx. 1 mm. Ingot was taken from the crucible. Ingot top and side views are given in Fig. 3.2. The ingot surface is smooth and even. The extracted ingot was included into the epoxy resin matrix, after that it was cut along the axis in order to make a template for the  SEM/EDX analysis. The melt, ingot, crust and spillages were sued to make specimens for the  XRF and chemical analysis in order to determine the composition of melt at the time of liquidus temperature measurement. Pieces for  the SEM/EDX analysis were taken from the melt samples.
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Fig. 3.1 – Crucible sections and ingot top after the experiment PRS21
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a)





b)

Fig. 3.2 – Top (a) and side (b) views of the ingot PRS21
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 PRS21 are summarized in Tab. 3.1.

Table 3.1. – Material balances from PRS21
	Introduced into the melt, g
	Gathered, g

	UO2
	98.64
	Melt samples
	8.35

	ZrO2
	62.42
	Rod sample
	3.73

	SiO2
	65.37
	Ingot
	179.4

	CaO
	17.67
	Crust above the melt
	72.86

	FeO
	41.25
	Aerosols
	5.37

	Fe1)
	8.71
	Spillages
	9.68

	MgO
	0.29
	Dry spillages 2)
	19.4

	Al2O3
	4.12
	
	

	Σ
	298.47
	Σ
	298.79

	Debalance
	+0.32


Note: 1) – To produce FeO metallic (carbonyl) iron was added to the charge, and for the FeO stoichiometry a getter was added to the melt – it was carbonyl iron as well. The initial FeO composition  is given in.  Table 2.1;

2) - “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly.
The X-ray fluorescence analysis (XRF)
The elemental composition of the fused products was determined by the XRF method using the SPECTROSCAN MAX-GV [14].

For the studies the specimens were prepared using the methodology of compacted pellets. At first the samples were crushed to the grain size below 100 µm. Following this the average sample was produced by quartering, and it was crushed to the particle size below 50 µm. 

Then, the powders were compacted into pellets for the analysis. All the works on samples preparation were performed in argon.

Tab. 3.2 present the XRF data on corium samples from PRS21, as well as the elemental material balance recalculated into oxides.
Table 3.2 – XRF data on corium samples and the elemental material balance from PRS21
	Item
	Content, mass %
	Mass, g

	
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	Al2O3
	MgO
	

	Melt sample #1
	35.50
	20.67
	21.39
	15.34
	5.92
	1.16
	0.02
	2.84

	Melt sample #2
	35.45
	20.19
	21.09
	15.63
	6.18
	1.35
	0.11
	2.04

	Melt sample #3
	33.06
	20.40
	22.50
	16.11
	6.38
	1.54
	0.01
	3.47

	Ingot
	33.31
	21.24
	22.60
	16.78
	5.02
	0.97
	0.08
	179.4

	Rod sample
	33.93
	19.90
	22.79
	15.76
	6.21
	1.32
	0.09
	3.73

	Aerosols
	18.02
	20.76
	37.00
	12.48
	10.31
	1.34
	0.09
	5.37

	Crust above the melt
	38.25
	20.75
	16.37
	15.94
	6.69
	1.91
	0.09
	72.86

	Spillages
	35.07
	19.06
	22.01
	15.51
	6.08
	1.86
	0.41
	9.68

	Dry spillages
	21.01
	22.09
	32.05
	11.77
	9.91
	2.98
	0.19
	19.4

	Item
	Mass, g
	

	Melt sample #1
	1.01
	0.59
	0.61
	0.44
	0.17
	0.03
	0.00
	

	Melt sample #2
	0.72
	0.41
	0.43
	0.32
	0.13
	0.03
	0.00
	

	Melt sample #3
	1.15
	0.71
	0.78
	0.56
	0.22
	0.05
	0.00
	

	Ingot
	59.76
	38.10
	40.54
	30.10
	9.01
	1.74
	0.14
	

	Rod sample
	1.27
	0.74
	0.85
	0.59
	0.23
	0.05
	0.00
	

	Aerosols
	0.97
	1.11
	1.99
	0.67
	0.55
	0.07
	0.00
	

	Crust above the melt
	27.87
	15.12
	11.93
	11.61
	4.87
	1.39
	0.07
	

	Spillages
	3.39
	1.85
	2.13
	1.50
	0.59
	0.18
	0.04
	

	Dry spillages
	4.08
	4.29
	6.22
	2.28
	1.92
	0.58
	0.04
	

	Collected, g
	100.21
	62.92
	65.48
	48.07
	17.69
	4.13
	0.30
	

	Introduced, g
	98.64
	62.42
	65.37
	47.961)
	17.67
	4.12
	0.29
	

	Imbalance, g
	+1.57
	+0.50
	+0.11
	+0.11
	+0.02
	+0.01
	+0.01
	

	% from introduced
	1.59
	0.80
	0.16
	0.24
	0.13
	0.12
	2.41
	


Note: 1) –The mass is given with recalculation of Fe2O3 into FeO contained in the initial FeO.

It is obvious from the mass balance from PRS21 that the urania debalance is +1.57 g, which make 1.59 % of the introduced quantities and the ZrO2 is + 0.50 g (0.8 %).

Chemical analysis 
The PRS21 melt samples collected during the experiment, ingot, above-melt crust and spillages were used for chemical analysis by their crushing first to the  particle size of 100 µm, quartering and further size diminishing to <50 µm. The resulting specimens were analyzed for the  content of Utotal, Zrtotal, Fetotal, Sitotal All samples for analysis were prepared in the argon atmosphere.

The 0.1-0.5 g samples were fused with (3.0±0.5) g of potassium pyrosulfate  at (900±25) ºС to produce a transparent solution, which later was dissolved at heating in the   200-250 ml 1М sulfuric acid solution. Later by the method of photocolorimetry Utotal was evaluated with arsenazo III reagent [15, 16], Fetotal  - with orthophenanthrolyne [8-11]. Sitotal – with ammonium molibdate [17], Zrtotal – with xylenol orange [18-20].

The method for determining Utotal  is based on the formation of colored compounds of tetravalent uranium with arsenazo III in 4 N HCl. For uranium reduction the granulated zinc is used in presence of  ascorbic acid. Interacting with arsenazo III the tetravalent uranium forms the green complex; if arsenazo is in excess, a mixed violet color of different shades is observed. The spectral photometric determination gives best results at the 2-5 fold molar excess of the reagent. The coloring develops practically instantly, and it remains stable at least for 2 hours. The method enables a separate determination of  tetravalent uranium and total uranium in the solution. The amount of hexavalent uranium is determined by calculating the difference between U(IV) and total U.

The method for determining Fetotal is based on the reaction of orthophenanthroline (1,10-phenanthroline)  with ions of ferrous iron, which forms the orange-red complex compound (Section 2.1). 

The method for determining Zrtotal is based on the formation of  colored complex compound with Zr(IV) with xylenol orange in the sulfuric acid solution  with molar concentration of equivalent 0,3 – 0,4 mol/dm3 [18-20]. Zr evaluation is not complicated by the presence of  Мо, W, U, Zn and Ti in large quantities, also large quantities of Fe admixtures (up to50 µg), Pb, Ni, Cu, Th and Ta (>100 µg).

The methods for determining total silicon is based on the interaction of silicic acid with ammonium molibdate and measured intensity of reduced silicon-molybdenum complex coloring . The error does not exceed ±2,5 %. The content of silicon oxide  is determined from the same solution as the total uranium.
Tab. 3.3 present the results of the fused products chemical analysis from PRS21 recalculated into oxides. 
Table 3.3 – Chemical analysis data on the fused products from PRS21

	Item
	Content, mass %

	
	UO2
	ZrO2
	SiO2
	FeO

	Melt sample #1
	34.62
	20.09
	21.12
	17.12

	Melt sample #2
	34.54
	20.57
	21.08
	16.35

	Melt sample #3
	33.71
	21.46
	20.48
	16.48

	Ingot
	35.36
	20.39
	21.21
	16.99

	Crust above the melt
	33.01
	21.00
	26.36
	11.47

	Spillages
	29.14
	18.20
	30.51
	14.24


SEM/EDX

The SEM/EDX data of melt samples taken during PRS21 are given in Fig. 3.3-3.5 and tables 3.4-3.6.

The sample microstructure has a fine-dendrite character of crystallization with a  typical size of refractory phase - about 1 µm (Fig. 3.3, region 1-3-1-1). It was not possible to identify precisely the composition of phases in samples due to the fine-dispersion crystallization character, but it can be asserted that dendrites are the (U,Zr)O2-based solid-solution phase (Table 3.4, point P1). The matrix phase fills the inter-dendrite space; it mostly contains   SiO2, FeO and CaO (Table 3.4, point P2). In accordance with EDX the average composition of samples is: mass%(mol.%): 
29.9(2.2(10.2(1.0) UO2, 17.0(1.2(12.7(1.1) ZrO2, 23.3(1.7(35.7(1.8) SiO2, 22.1(1.8(28.3(2.4) FeO, 6.0(0.3(9.9(0.5) CaO, 1.4(0.4(2.6(0.7) AlO1.5, 0.3(0.3(0.6(0.6) MgO.

The analysis of ingot microstructure also testifies to the  fine-dispersion character of the ingot crystallization, but the heterogeneous structure of dendrites is more distinct (e.g., Fig. 3.9, region 3-1-1-1). The analysis of phases, which form the structure, is made in the region with the maximum area of decrystallized phases (Fig. 3.18, region 12-1-1-1). Dendrites are two co-crystallized phases – one  U(Zr)O2-based (Table 3.15, points P1 and P2), another –Zr(U)O2- based (Table 3.15, points P3 and P4). The matrix phase contains, beside the main components  (SiO2, FeO and CaO), small amount of U and Zr oxides, it also has concentrations of aluminium and magnesium (Table 3.15, points P5 and P6, area SQ6). In accordance with EDX the average ingot composition is mass%(mol.%):
 27.0(2.6(9.1(1.1) UO2, 18.0(1.2(13.1(0.9) ZrO2, 23.4(1.5(35.2(1.3) SiO2, 24.0(1.4(30.1(1.9) FeO, 6.0(0.4(9.6(0.7) CaO, 1.4(0.5(2.4(0.8) AlO1.5, 0.2(0.2(0.5(0.5) MgO.
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Fig. 3.3 -Micrographs of sample 1

Table 3.4 - EDX data on sample 1
	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	32.2
	13.1
	20.6
	26.1
	6.6
	1.4
	-
	Bulk composition

	
	mol. %
	11.1
	9.9
	31.9
	33.9
	10.9
	2.5
	-
	

	SQ2
	mass %
	28.9
	16.2
	24.3
	22.9
	6.3
	1.3
	0.1
	

	
	mol. %
	9.7
	12.0
	36.7
	28.9
	10.1
	2.3
	0.3
	

	SQ3
	mass %
	28.5
	17.0
	24.1
	23.2
	6.1
	1.1
	-
	

	
	mol. %
	9.6
	12.6
	36.6
	29.4
	10.0
	1.9
	-
	

	SQ4
	mass %
	28.9
	16.7
	25.1
	20.9
	5.9
	1.9
	0.6
	

	
	mol. %
	9.7
	12.2
	37.7
	26.3
	9.6
	3.3
	1.3
	

	SQ5
	mass %
	28.7
	19.3
	23.7
	20.0
	5.3
	2.0
	1.0
	

	
	mol. %
	9.7
	14.3
	36.0
	25.5
	8.7
	3.5
	2.3
	

	SQ6
	mass %
	25.3
	16.7
	27.5
	21.1
	6.1
	2.4
	0.9
	

	
	mol. %
	8.1
	11.7
	39.4
	25.3
	9.4
	4.1
	2.0
	

	SQ7
	mass %
	28.7
	16.1
	24.6
	22.7
	6.4
	1.4
	0.1
	

	
	mol. %
	9.6
	11.8
	37.0
	28.6
	10.3
	2.5
	0.3
	

	SQ8
	mass %
	31.4
	16.9
	22.0
	22.4
	6.1
	1.1
	-
	

	
	mol. %
	11.0
	12.9
	34.5
	29.4
	10.3
	2.0
	-
	

	SQ9
	mass %
	32.2
	15.7
	22.4
	22.4
	6.1
	1.2
	0.1
	

	
	mol. %
	11.2
	12.0
	35.0
	29.2
	10.2
	2.1
	0.3
	

	SQ10
	mass %
	27.8
	18.4
	25.6
	19.9
	5.7
	2.0
	0.6
	

	
	mol. %
	9.2
	13.4
	38.3
	24.9
	9.2
	3.5
	1.4
	

	SQ11
	mass %
	29.2
	16.5
	23.1
	24.0
	6.0
	1.1
	-
	

	
	mol. %
	9.9
	12.2
	35.4
	30.7
	9.9
	2.0
	-
	

	SQ12
	mass %
	30.2
	16.7
	23.0
	22.7
	6.0
	1.2
	0.2
	

	
	mol. %
	10.3
	12.5
	35.4
	29.2
	9.9
	2.2
	0.3
	

	SQ13
	mass %
	28.5
	16.2
	25.2
	22.3
	6.4
	1.4
	0.1
	

	
	mol. %
	9.5
	11.8
	37.8
	27.9
	10.2
	2.5
	0.3
	

	SQ14
	mass %
	28.6
	17.2
	24.7
	20.9
	5.9
	2.0
	0.6
	

	
	mol. %
	9.6
	12.6
	37.1
	26.2
	9.5
	3.6
	1.4
	

	SQ15
	mass %
	27.3
	17.3
	25.0
	22.0
	5.9
	1.9
	0.6
	

	
	mol. %
	9.0
	12.5
	37.1
	27.3
	9.3
	3.3
	1.4
	

	P1
	mass %
	47.3
	31.6
	8.6
	8.6
	1.7
	1.2
	1.0
	(U,Zr)O2 -based phase

	
	mol. %
	22.7
	33.2
	18.4
	15.4
	3.9
	3.1
	3.3
	

	P2
	mass %
	3.7
	4.5
	44.2
	34.1
	9.4
	3.2
	0.8
	SiO2 – based mixture of phases

	
	mol. %
	0.9
	2.4
	48.6
	31.4
	11.1
	4.2
	1.4
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Fig. 3.4 -Micrographs of sample 2
Table 3.5 - EDX data on sample 2
	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	27.2
	16.0
	23.0
	26.1
	6.5
	1.1
	0.1
	Bulk composition

	
	mol. %
	9.0
	11.6
	34.3
	32.6
	10.5
	1.9
	0.1
	

	SQ2
	mass %
	28.2
	16.7
	23.3
	24.2
	6.4
	1.1
	0.1
	

	
	mol. %
	9.5
	12.3
	35.2
	30.6
	10.3
	2.0
	0.1
	

	SQ3
	mass %
	31.1
	16.5
	22.5
	22.5
	6.2
	1.2
	0.1
	

	
	mol. %
	10.7
	12.5
	34.9
	29.3
	10.3
	2.2
	0.2
	

	SQ4
	mass %
	33.7
	18.0
	20.8
	20.4
	6.0
	1.0
	-
	

	
	mol. %
	12.1
	14.2
	33.6
	27.6
	10.4
	2.0
	-
	

	SQ5
	mass %
	31.0
	18.0
	21.9
	22.0
	5.9
	1.1
	0.1
	

	
	mol. %
	10.8
	13.8
	34.4
	28.8
	9.9
	2.0
	0.3
	

	SQ6
	mass %
	34.7
	18.7
	19.8
	20.6
	5.1
	1.1
	0.1
	

	
	mol. %
	12.7
	15.0
	32.6
	28.4
	9.0
	2.1
	0.2
	

	P1
	mass %
	49.8
	28.5
	8.5
	10.5
	2.3
	0.3
	0.1
	(U,Zr)O2 -based phase

	
	mol. %
	24.5
	30.7
	18.8
	19.4
	5.4
	0.8
	0.4
	

	P2
	mass %
	6.2
	4.1
	43.1
	33.0
	9.6
	3.2
	0.8
	SiO2 – based mixture of phases

	
	mol. %
	1.5
	2.2
	48.2
	30.9
	11.5
	4.2
	1.4
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Fig. 3.5 -Micrographs of sample 3
Table 3.6 - EDX data on sample 3

	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	30.5
	18.3
	24.0
	18.2
	5.7
	2.2
	1.1
	Bulk composition

	
	mol. %
	10.4
	13.7
	36.8
	23.2
	9.3
	4.0
	2.6
	

	SQ2
	mass %
	32.1
	17.2
	21.7
	22.0
	5.9
	1.0
	0.1
	

	
	mol. %
	11.3
	13.3
	34.3
	29.0
	10.0
	1.9
	0.2
	

	SQ3
	mass %
	31.0
	16.9
	22.5
	22.3
	6.1
	1.1
	0.1
	

	
	mol. %
	10.7
	12.8
	35.1
	29.0
	10.1
	2.1
	0.1
	

	SQ4
	mass %
	31.4
	17.6
	23.3
	20.1
	6.0
	1.3
	0.2
	

	
	mol. %
	10.9
	13.4
	36.4
	26.3
	10.1
	2.5
	0.4
	

	P1
	mass %
	40.7
	22.7
	16.0
	15.7
	4.2
	0.6
	0.1
	(U,Zr)O2 – based mixture of phases 

	
	mol. %
	16.6
	20.2
	29.3
	24.1
	8.3
	1.3
	0.2
	

	P2
	mass %
	57.4
	26.7
	6.0
	7.9
	1.8
	0.1
	0.1
	

	
	mol. %
	31.6
	32.1
	14.9
	16.3
	4.6
	0.3
	0.2
	

	P3
	mass %
	13.4
	7.7
	36.9
	30.2
	9.9
	1.9
	0.1
	SiO2 – based mixture of phases

	
	mol. %
	3.7
	4.6
	45.1
	30.8
	12.9
	2.7
	0.1
	

	P4
	mass %
	11.9
	7.2
	37.5
	30.7
	10.7
	1.9
	0.1
	

	
	mol. %
	3.2
	4.2
	45.1
	30.8
	13.7
	2.7
	0.3
	


Fig. 3.6-3.18 and Table 3.7-3.15 show the SEM/EDX data of the  PRS21 ingot.


[image: image29]
Fig. 3.6 -A polished section from PRS21 with regions marked for the SEM/EDX analysis
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Fig. 3.7 -Micrograph of region 1


[image: image31]
Fig. 3.8. -Micrograph of region 2
Table 3.7 -EDX data on region 2
	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	29.9
	17.1
	22.5
	23.0
	6.3
	1.2
	0.1
	Bulk composition

	
	mol. %
	10.2
	12.8
	34.7
	29.5
	10.4
	2.2
	0.2
	

	SQ2
	mass %
	24.4
	20.6
	25.0
	21.2
	5.0
	2.5
	1.3
	

	
	mol. %
	7.9
	14.7
	36.5
	25.8
	7.9
	4.3
	2.9
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Fig. 3.9. -Micrograph of region 3

[image: image33]
Fig. 3.10 -Micrograph of region 4

[image: image34]
Fig. 3.11. -Micrograph of region 5
Table 3.8 -EDX data on region 5
	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	27.4
	18.1
	23.3
	24.1
	5.8
	1.2
	0.1
	Bulk composition

	
	mol. %
	9.2
	13.4
	35.2
	30.5
	9.4
	2.1
	0.2
	

	SQ2
	mass %
	27.8
	16.8
	23.1
	25.0
	6.1
	1.2
	-
	

	
	mol. %
	9.3
	12.3
	34.9
	31.5
	9.9
	2.1
	-
	

	SQ3
	mass %
	26.8
	16.4
	22.9
	26.3
	6.5
	1.0
	-
	

	
	mol. %
	8.9
	11.9
	34.2
	32.8
	10.4
	1.7
	-
	



[image: image35]
Fig. 3.12 -Micrograph of region 6
Table 3.9 -EDX data on region 6
	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	29.4
	18.1
	22.6
	22.7
	6.0
	1.1
	-
	Bulk composition

	
	mol. %
	10.1
	13.6
	35.0
	29.3
	10.0
	2.1
	-
	

	SQ2
	mass %
	28.3
	19.3
	22.6
	22.8
	5.8
	1.2
	0.1
	

	
	mol. %
	9.7
	14.5
	34.7
	29.4
	9.5
	2.1
	0.1
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Fig. 3.13 -Micrograph of region 7
Table 3.10 -EDX data on region 7
	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	26.7
	16.6
	22.9
	26.2
	6.5
	1.1
	-
	Bulk composition

	
	mol. %
	8.9
	12.0
	34.2
	32.6
	10.4
	1.9
	-
	

	SQ2
	mass %
	26.3
	16.2
	23.7
	26.5
	6.2
	1.1
	-
	

	
	mol. %
	8.7
	11.7
	35.0
	32.8
	9.8
	2.0
	-
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Fig. 3.14 – Micrographs of region 8
Table 3.11 – EDX data on region 8

	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	27.6
	18.2
	23.3
	23.8
	6.0
	1.2
	0.1
	Bulk composition

	
	mol. %
	9.3
	13.4
	35.3
	30.1
	9.7
	2.1
	0.2
	

	SQ2
	mass %
	26.9
	17.7
	23.6
	24.4
	6.0
	1.2
	0.1
	

	
	mol. %
	9.0
	12.9
	35.4
	30.5
	9.7
	2.2
	0.2
	

	SQ3
	mass %
	30.5
	18.3
	21.0
	23.7
	5.3
	1.1
	0.1
	

	
	mol. %
	10.7
	14.0
	33.0
	31.1
	8.9
	2.1
	0.2
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Fig. 3.15 – Micrographs of region 9

Table 3.12 – EDX data on region 9

	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	28.1
	17.7
	22.9
	23.9
	6.1
	1.3
	0.1
	-

	
	mol. %
	9.5
	13.1
	34.8
	30.3
	9.9
	2.3
	0.2
	

	SQ2
	mass %
	28.4
	21.9
	23.0
	18.6
	5.0
	2.1
	1.1
	

	
	mol. %
	9.8
	16.5
	35.4
	23.9
	8.2
	3.8
	2.5
	

	SQ3
	mass %
	29.2
	17.8
	22.3
	23.3
	6.2
	1.2
	0.1
	

	
	mol. %
	10.0
	13.3
	34.3
	29.9
	10.2
	2.1
	0.1
	

	SQ4
	mass %
	44.1
	27.4
	11.0
	13.6
	3.3
	0.4
	0.1
	

	
	mol. %
	19.7
	26.9
	22.2
	22.9
	7.1
	1.0
	0.2
	

	SQ5
	mass %
	50.4
	26.8
	8.2
	11.5
	2.6
	0.3
	0.1
	

	
	mol. %
	24.7
	28.8
	18.1
	21.3
	6.2
	0.7
	0.2
	

	SQ6
	mass %
	24.5
	18.4
	25.2
	23.4
	6.3
	1.8
	0.4
	

	
	mol. %
	7.9
	13.0
	36.7
	28.5
	9.9
	3.1
	1.0
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Fig. 3.16 – Micrographs of region 10
Table 3.13 – EDX data on region 10

	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	23.6
	18.0
	25.8
	23.6
	6.0
	2.1
	0.9
	Bulk composition

	
	mol. %
	7.5
	12.6
	37.0
	28.3
	9.3
	3.5
	1.8
	

	SQ2
	mass %
	24.3
	18.1
	26.3
	22.8
	5.9
	1.9
	0.7
	

	
	mol. %
	7.8
	12.8
	38.0
	27.5
	9.2
	3.3
	1.5
	

	SQ3
	mass %
	23.3
	17.5
	26.5
	23.5
	6.1
	2.1
	0.9
	

	
	mol. %
	7.4
	12.1
	37.8
	28.0
	9.3
	3.6
	1.8
	

	SQ4
	mass %
	100.0
	-
	-
	-
	-
	-
	-
	UO2

	
	mol. %
	100.0
	-
	-
	-
	-
	-
	-
	



[image: image41]
Fig. 3.17 – Micrographs of region 11

Table 3.14 – EDX data on region 11

	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	21.7
	19.4
	26.3
	23.8
	5.9
	2.1
	0.8
	Bulk composition

	
	mol. %
	6.9
	13.4
	37.2
	28.2
	9.0
	3.6
	1.7
	

	SQ2
	mass %
	21.8
	19.0
	27.2
	23.2
	5.6
	2.3
	0.9
	

	
	mol. %
	6.9
	13.1
	38.5
	27.4
	8.5
	3.8
	1.9
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Fig. 3.18 – Micrographs of regions 12 - 14
Table 3.15 – EDX data on region 12

	#
	UO2
	ZrO2
	SiO2
	FeO
	CaO
	AlO1.5
	MgO
	Phase

	SQ1
	mass %
	24.4
	17.4
	25.8
	23.1
	6.2
	2.2
	1.0
	-

	
	mol. %
	7.8
	12.2
	37.0
	27.7
	9.5
	3.7
	2.0
	

	SQ2
	mass %
	59.9
	23.0
	6.2
	8.8
	2.0
	0.1
	0.1
	

	
	mol. %
	32.9
	27.6
	15.3
	18.1
	5.3
	0.4
	0.3
	

	SQ3
	mass %
	34.2
	21.0
	19.0
	19.6
	4.7
	1.2
	0.3
	

	
	mol. %
	12.7
	17.0
	31.5
	27.2
	8.4
	2.3
	0.8
	

	SQ4
	mass %
	26.4
	21.9
	23.1
	20.4
	5.2
	2.2
	0.8
	

	
	mol. %
	8.9
	16.2
	35.0
	25.9
	8.4
	4.0
	1.7
	

	SQ5
	mass %
	95.0
	0.2
	-
	4.7
	-
	-
	-
	

	
	mol. %
	83.9
	0.4
	-
	15.7
	-
	-
	-
	

	SQ6
	mass %
	5.9
	5.7
	39.4
	35.6
	9.6
	2.9
	0.8
	

	
	mol. %
	1.5
	3.2
	44.7
	33.8
	11.7
	3.8
	1.3
	

	P1
	mass %
	94.1
	3.0
	-
	2.9
	-
	-
	-
	UO2 -based phase

	
	mol. %
	84.3
	6.0
	-
	9.7
	-
	-
	-
	

	P2
	mass %
	95.5
	4.5
	-
	-
	-
	-
	-
	

	
	mol. %
	90.7
	9.3
	-
	-
	-
	-
	-
	

	P3
	mass %
	25.6
	71.3
	-
	3.0
	-
	-
	-
	ZrO2 -based phase

	
	mol. %
	13.2
	80.8
	-
	5.9
	-
	-
	-
	

	P4
	mass %
	18.0
	61.1
	8.4
	9.6
	2.2
	0.8
	-
	

	
	mol. %
	7.5
	55.7
	15.7
	15.0
	4.4
	1.7
	-
	

	P5
	mass %
	3.5
	3.6
	43.3
	35.4
	10.0
	3.2
	0.9
	SiO2 -based phase

	
	mol. %
	0.9
	1.9
	47.4
	32.4
	11.7
	4.2
	1.5
	

	P6
	mass %
	5.4
	6.7
	40.5
	34.0
	9.2
	3.1
	1.0
	

	
	mol. %
	1.4
	3.7
	45.8
	32.2
	11.2
	4.1
	1.7
	


3.2. Test PRS22

Ingot macrostructure

Like in PRS 21 the furnace disassembly revealed aerosol depositions on the crucible section walls. (Fig. 3.19). Crust thickness between the bottom calorimeter and corium ingot was approx. 1 mm. During ingot removal from the crucible it broke into fragments shown in Fig. 3.20. The ¼ part of the ingot was used for making a template for the SEM/EDX analysis. The samples of melt, ingot, crust and spillages were used to make specimens for the XRF and chemical analysis for determining the melt composition, at which the liquidus temperature was measured. Portions of melt samples were taken for the SEM/EDX analysis.
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Fig. 3.19 – Crucible sections and ingot top after the experiment PRS22

[image: image44]
Fig.  3.20 - The PRS22 ingot fragment

Material balance
The mass balance data from PRS22 are summarized in Tab. 3.16.

Table 3.16 – Material balances from PRS22
	Introduced into the melt, g
	Gathered, g

	UO2.3
	135.649
	Melt samples
	18.488

	ZrO2
	34.170
	Rod sample
	1.723

	Zr
	7.87
	Ingot
	224.713

	SiO2
	47.040
	Crust above the melt
	14.958

	CaO
	12.040
	Aerosols
	11.747

	Fe2O3
	38.640
	Dry spillages 1)
	11.194

	Al2O3
	4.200
	
	

	Σ
	279.609
	Σ
	282.823

	Debalance
	+3.214


Note:1) - “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly.
The X-ray fluorescence analysis (XRF
The elemental composition of the fused products was determined by the XRF method using the SPECTROSCAN MAX-GV [14]. The procedure of specimen preparation for analysis is explained in Section 3.1 (XRF).
Tab. 3.17 present the XRF data on corium samples from PRS22, as well as the elemental material balance.
Table 3.17 – XRF data on corium samples and the elemental material balance from PRS22
	Item
	Content, mass %
	Mass, g

	
	UO2.3
	ZrO2
	Fe2O3
	CaO
	SiO2
	Al2O3
	

	Melt sample #1
	46.393
	16.157
	12.773
	4.580
	18.554
	1.544
	3.724

	Melt sample #2
	46.473
	16.189
	12.883
	4.616
	18.345
	1.495
	3.785

	Melt sample #3
	46.906
	16.477
	13.091
	4.652
	17.365
	1.510
	4.431

	Melt sample #4
	47.049
	17.066
	13.417
	3.530
	17.493
	1.445
	3.294

	Melt sample #5
	45.970
	16.549
	13.128
	4.620
	18.227
	1.506
	3.254

	Rod sample
	48.017
	16.123
	12.826
	4.518
	17.002
	1.514
	1.723

	Ingot
	47.292
	16.525
	14.246
	4.463
	15.998
	1.476
	224.713

	Crust above the melt
	45.553
	16.094
	12.138
	4.323
	20.308
	1.583
	14.958

	Aerosols from MAF
	80.411
	1.442
	1.800
	0.401
	15.510
	0.436
	4.302

	Aerosols from crucible sections
	68.665
	12.878
	8.002
	5.755
	3.680
	1.020
	7.445

	Dry spillages
	50.131
	12.390
	11.595
	4.200
	18.721
	2.963
	11.194

	Item
	Mass, g
	

	Melt sample #1
	1.728
	0.602
	0.476
	0.171
	0.691
	0.057
	

	Melt sample #2
	1.759
	0.613
	0.488
	0.175
	0.694
	0.057
	

	Melt sample #3
	2.078
	0.730
	0.580
	0.206
	0.769
	0.067
	

	Melt sample #4
	1.550
	0.562
	0.442
	0.116
	0.576
	0.048
	

	Melt sample #5
	1.496
	0.539
	0.427
	0.150
	0.593
	0.049
	

	Rod sample
	0.827
	0.278
	0.221
	0.078
	0.293
	0.026
	

	Ingot
	106.272
	37.134
	32.012
	10.030
	35.949
	3.316
	

	Crust above the melt
	6.814
	2.407
	1.816
	0.647
	3.038
	0.237
	

	Aerosols from MAF
	3.459
	0.062
	0.077
	0.017
	0.667
	0.019
	

	Aerosols from crucible sections
	5.112
	0.959
	0.596
	0.428
	0.274
	0.076
	

	Dry spillages
	5.612
	1.387
	1.298
	0.470
	2.096
	0.332
	

	Collected , g
	136.707
	45.273
	38.432
	12.488
	45.641
	4.283
	

	Introduced, g
	135.649
	44.800
	38.640
	12.040
	47.040
	4.200
	

	Imbalance, g
	+1.058
	+0.473
	-0.208
	+0.448
	+1.399
	+0.083
	

	% from introduced
	0.78
	1.05
	0.54
	3.72
	2.97
	1.97
	


From the given PRS22 mass balance (table 3.17) it can be seen that the imbalance for UO2.3 (+1.058 g), which corresponds to 0.78 % of the introduced quantity, for ZrO2 - +0.473 g (1.05%), which corresponds the XRF error.
It is obvious from the mass balance from PRS22 that the urania debalance is +0.95 g, which make 0.81 % of the introduced quantities and the ZrO2 - + 0.36 g (1.08 %).

Chemical analysis 
The melt samples collected during the PRS22 experiment, ingot, above-melt crust, and aerosols samples were prepared for chemical analysis to evaluate the content of Utotal, Zrtotal, Fetotal, Sitotal. The methodologies of sample preparation and analysis are explained in detail in Section 3.1. (chemical analysis).

Tab. 3.18 present the results of the fused products chemical analysis from PRS22. 

Table 3.18 – Chemical analysis data on the fused products from PRS22

	Item
	Content, mass %

	
	Utotal
	Zrtotal
	Sitotal
	Fetotal

	Melt sample #1
	44.58
	13.25
	9.75
	10.09

	Melt sample #2
	43.89
	13.56
	9.63
	10.44

	Melt sample #3
	45.47
	13.48
	8.57
	9.70

	Melt sample #4
	45.64
	13.70
	8.28
	9.55

	Melt sample #5
	40.98
	14.45
	8.36
	11.15

	Rod sample
	44.12
	12.67
	6.93
	9.45

	Ingot
	41.00
	15.05
	8.06
	10.57

	Crust above the melt
	45.31
	13.52
	5.57
	9.28

	Aerosols from MAF
	78.42
	0.59
	4.46
	2.40

	Aerosols from crucible sections
	63.13
	9.05
	4.90
	5.55


SEM/EDX

Fig. 3.21-3.25 and Tab. 3.19-3.23 give the SEM/EDX data of melt samples collected in the course of а PRS22.

The PRS22 samples have a fine-dendrite character of crystallization with a characteristic size of unbroken regions of the phase of about 1 µm (Fig. 3.21, region 1-1-1-1-1). The dendrites are the phase based on solid solution (U,Zr,Fe) O2 (Table 3.19, point P1). Two phases can be identified in the inter-dendrite space: the dark one, presumably the SiO2-based (Fig. 3.22, region 2-1-1-1) and light-grey - the matrix phase mostly consisting of two components: SiO2 and FeO1.5 (Table 3.19, points P3 and P4). The average sample composition in accordance with EDX is as follows:  mass%(mol%): 39.8(2.0(15.2(1.2) UO2+x, 13.0(1.0(10.9(0.9) ZrO2, 19.1(2.4(24.7(3.2) FeO1.5, 3.9(0.8(7.1(1.4) CaO, 22.2(1.8(38.0(2.3) SiO2, 2.0(0.6(4.1(1.2) AlO1.5.

The PRS22 ingot microstructure is similar to the microstructure of melt samples. The larger size of dendrites belonging to the phase of primary crystallization – solid solution based on (U,Zr,Fe)O2) in comparison with samples enables a more accurate identification of  the composition of coexisting phases (Fig. 3.28, region 2-1-1-1). As a minimum two phases are observed in the inter-dendrite space: the one based on SiO2, which encloses the crystallized dendrites (Table 3.28, point P3) and a lighter phase (ultrafine dispersed mixture of phases), which consists mostly of SiO2, FeO1.5 and CaO (e.g. Table. 3.26, point P1). The average ingot composition in accordance with EDX is the following: mass%(mol.%): 36.0(2.5(13.2(1.3) UO2+x, 12.0(0.9(9.6(1.0) ZrO2, 21.9(1.2(27.0(0.9) FeO1.5, 4.3(0.4(7.5(0.6) CaO, 23.9(1.8(39.1(1.8) SiO2, 1.9(0.3(3.7(0.5) AlO1.5.

The comparison of PRS21 and PRS22 microstructure shows a difference in the crystallization character of the two compositions. If in the first case the process starts  with the co-crystallization of two refractory phases and ends by the crystallization (vitrification)  of a rather homogeneous matrix, in case of PRS22 the process is more typical. The first to crystallize is the refractory phase based on solid solution of (U,Zr,Fe)O2. After that the heterogeneous matrix recrystallizes (most demonstrative example is microphotograph of region 11-1-1-2, Fig. 3.37).
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Fig. 3.21 – Micrographs of sample 1
Table 3.19 – EDX data on sample#1
	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	38.7
	14.2
	16.2
	4.1
	24.0
	2.9
	-

	
	mol. %
	14.5
	11.6
	20.5
	7.4
	40.3
	5.7
	

	SQ2
	mass %
	38.4
	14.0
	17.7
	4.3
	22.7
	2.9
	

	
	mol. %
	14.4
	11.5
	22.4
	7.7
	38.2
	5.8
	

	SQ3
	mass %
	38.7
	13.7
	17.2
	4.1
	23.4
	2.8
	

	
	mol. %
	14.5
	11.3
	21.8
	7.5
	39.4
	5.5
	

	SQ4
	mass %
	43.3
	14.1
	16.9
	3.9
	20.0
	1.8
	

	
	mol. %
	17.3
	12.4
	22.9
	7.6
	36.0
	3.9
	

	SQ5
	mass %
	42.2
	12.9
	21.3
	4.3
	18.1
	1.1
	

	
	mol. %
	16.9
	11.3
	28.8
	8.2
	32.5
	2.4
	

	P1
	mass %
	70.2
	21.6
	4.4
	1.0
	1.5
	1.4
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	46.5
	31.3
	9.8
	3.1
	4.4
	4.8
	

	P2
	mass %
	40.5
	14.3
	16.3
	4.3
	21.5
	3.1
	Mixture of phases

	
	mol. %
	15.5
	12.0
	21.2
	7.9
	37.0
	6.4
	

	P3
	mass %
	7.1
	6.7
	35.3
	5.6
	41.2
	4.2
	SiO2 - based phase

	
	mol. %
	1.9
	3.9
	31.8
	7.1
	49.4
	5.9
	

	P4
	mass %
	5.6
	3.8
	41.7
	4.4
	40.8
	3.7
	

	
	mol. %
	1.5
	2.2
	37.2
	5.6
	48.4
	5.1
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Fig. 3.22 – Micrographs of sample #2

Table 3.20 – EDX data on sample#2

	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	39.4
	11.8
	20.4
	4.2
	22.6
	1.7
	-

	
	mol. %
	14.9
	9.8
	26.1
	7.6
	38.3
	3.4
	

	SQ2
	mass %
	38.6
	12.0
	21.9
	4.2
	21.6
	1.7
	

	
	mol. %
	14.6
	9.9
	27.9
	7.7
	36.6
	3.3
	

	SQ3
	mass %
	38.2
	11.6
	19.1
	4.7
	24.4
	1.9
	

	
	mol. %
	14.1
	9.4
	23.8
	8.4
	40.5
	3.7
	

	SQ4
	mass %
	37.5
	12.4
	20.9
	4.1
	23.2
	1.8
	

	
	mol. %
	13.9
	10.1
	26.2
	7.4
	38.8
	3.6
	

	SQ5
	mass %
	36.1
	11.6
	21.4
	4.4
	24.5
	1.9
	

	
	mol. %
	13.1
	9.2
	26.3
	7.8
	40.0
	3.6
	

	SQ6
	mass %
	38.8
	12.2
	21.2
	3.9
	22.0
	1.9
	

	
	mol. %
	14.6
	10.1
	27.0
	7.2
	37.4
	3.7
	

	SQ7
	mass %
	39.5
	15.8
	12.0
	3.8
	25.2
	3.7
	

	
	mol. %
	14.8
	13.0
	15.3
	7.0
	42.5
	7.4
	

	P1
	mass %
	67.6
	21.5
	7.1
	1.1
	2.5
	0.2
	(U,Zr,Fe)O2 -based phase 

	
	mol. %
	43.3
	30.2
	15.3
	3.4
	7.3
	0.6
	

	P2
	mass %
	5.8
	3.4
	42.6
	5.3
	39.1
	3.7
	SiO2 - based phase

	
	mol. %
	1.5
	2.0
	38.1
	6.8
	46.5
	5.2
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Fig. 3.23 – Micrographs of sample #3

Table 3.21 – EDX data on sample#3
	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	43.6
	12.2
	16.8
	4.3
	21.4
	1.8
	-

	
	mol. %
	17.2
	10.5
	22.5
	8.2
	37.9
	3.7
	

	SQ2
	mass %
	40.0
	12.0
	19.1
	4.0
	22.8
	2.1
	

	
	mol. %
	15.2
	10.0
	24.5
	7.3
	38.9
	4.1
	

	SQ3
	mass %
	37.9
	11.4
	22.8
	3.8
	22.2
	1.9
	

	
	mol. %
	14.2
	9.3
	28.7
	6.9
	37.2
	3.8
	

	SQ4
	mass %
	40.0
	13.6
	19.0
	3.8
	21.8
	1.7
	

	
	mol. %
	15.4
	11.5
	24.7
	7.1
	37.8
	3.5
	

	SQ5
	mass %
	43.0
	12.8
	20.8
	0.0
	21.7
	1.7
	

	
	mol. %
	17.4
	11.3
	28.4
	0.0
	39.3
	3.7
	

	SQ6
	mass %
	40.3
	12.7
	20.9
	3.9
	20.6
	1.7
	

	
	mol. %
	15.6
	10.7
	27.2
	7.3
	35.7
	3.4
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Fig. 3.24 – Micrographs of sample #4
Table 3.22 – EDX data on sample#4
	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	40.7
	12.3
	21.1
	3.7
	20.4
	1.7
	-

	
	mol. %
	15.8
	10.5
	27.8
	7.0
	35.5
	3.5
	

	SQ2
	mass %
	40.1
	12.9
	21.4
	3.7
	20.4
	1.5
	

	
	mol. %
	15.6
	11.0
	28.1
	6.8
	35.4
	3.2
	

	SQ3
	mass %
	42.2
	13.4
	18.8
	3.8
	20.4
	1.3
	

	
	mol. %
	16.7
	11.6
	25.2
	7.3
	36.3
	2.8
	

	SQ4
	mass %
	41.2
	12.9
	20.3
	4.0
	20.0
	1.7
	

	
	mol. %
	16.1
	11.1
	26.8
	7.5
	35.1
	3.5
	

	SQ5
	mass %
	38.3
	12.5
	21.5
	4.1
	21.8
	1.9
	

	
	mol. %
	14.4
	10.3
	27.3
	7.4
	36.9
	3.8
	

	SQ6
	mass %
	41.1
	12.8
	19.9
	3.8
	20.9
	1.6
	

	
	mol. %
	16.0
	10.9
	26.2
	7.1
	36.5
	3.3
	

	SQ7
	mass %
	43.8
	13.6
	18.0
	3.5
	19.7
	1.3
	

	
	mol. %
	17.7
	12.1
	24.7
	6.8
	35.9
	2.9
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Fig. 3.25 – Micrographs of sample #5

Table 3.23 – EDX data on sample#5

	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	38.1
	14.0
	17.1
	4.2
	24.0
	2.6
	-

	
	mol. %
	14.2
	11.4
	21.6
	7.5
	40.1
	5.2
	

	SQ2
	mass %
	37.9
	13.7
	16.8
	4.1
	25.0
	2.5
	

	
	mol. %
	14.0
	11.1
	21.0
	7.3
	41.7
	4.9
	

	SQ3
	mass %
	38.5
	13.8
	17.6
	4.1
	23.4
	2.5
	

	
	mol. %
	14.4
	11.3
	22.3
	7.4
	39.5
	5.0
	

	SQ4
	mass %
	38.4
	13.9
	15.5
	3.7
	24.8
	3.6
	

	
	mol. %
	14.2
	11.3
	19.4
	6.7
	41.3
	7.1
	

	P1
	mass %
	62.3
	21.1
	4.9
	1.2
	1.8
	0.8
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	21.8
	19.2
	7.4
	2.4
	5.4
	2.4
	

	P2
	mass %
	10.2
	5.4
	31.5
	5.8
	23.6
	3.1
	SiO2 - based phase

	
	mol. %
	1.4
	1.9
	18.5
	4.7
	27.6
	3.7
	


Fig. 3.26-3.37 and Table 3.24-3.34 show the SEM/EDX data of the PRS22 ingot.


[image: image52]
Fig. 3.26 – A polished section from PRS22 with regions marked for the SEM/EDX analysis

[image: image53]
Fig. 3.27 – Micrographs of region 1

Table 3.24 – EDX data on region 1

	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	35.7
	11.9
	22.1
	4.5
	24.0
	1.9
	-

	
	mol. %
	12.9
	9.5
	27.1
	7.8
	39.1
	3.6
	

	SQ2
	mass %
	33.6
	11.5
	23.6
	4.6
	24.8
	1.9
	

	
	mol. %
	11.9
	9.0
	28.3
	7.8
	39.5
	3.5
	

	SQ3
	mass %
	36.2
	12.1
	22.2
	4.4
	23.3
	1.8
	

	
	mol. %
	13.2
	9.7
	27.5
	7.8
	38.3
	3.4
	

	P1
	mass %
	66.8
	23.2
	7.6
	1.1
	1.1
	0.2
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	43.3
	32.9
	16.7
	3.4
	3.1
	0.7
	

	P2
	mass %
	5.9
	3.0
	39.4
	2.1
	47.1
	2.5
	SiO2 - based phase

	
	mol. %
	1.6
	1.7
	35.0
	2.6
	55.6
	3.4
	

	P3
	mass %
	3.4
	3.1
	49.9
	2.4
	38.3
	2.9
	

	
	mol. %
	0.9
	1.8
	44.7
	3.1
	45.5
	4.0
	



[image: image54]
Fig. 3.28 – Micrographs of region 2
Table 3.25 – EDX data on region 2

	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	36.0
	10.9
	22.2
	4.5
	24.6
	1.7
	-

	
	mol. %
	13.0
	8.6
	27.1
	7.9
	40.0
	3.3
	

	SQ2
	mass %
	34.9
	10.8
	22.3
	4.6
	25.4
	2.1
	

	
	mol. %
	12.4
	8.4
	26.8
	7.9
	40.6
	4.0
	

	SQ3
	mass %
	34.3
	10.6
	23.0
	4.9
	25.2
	2.0
	

	
	mol. %
	12.1
	8.2
	27.5
	8.3
	40.1
	3.7
	

	SQ4
	mass %
	35.7
	11.0
	22.4
	4.7
	24.5
	1.7
	

	
	mol. %
	12.9
	8.7
	27.4
	8.2
	39.6
	3.2
	

	P1
	mass %
	52.1
	17.9
	14.0
	2.7
	12.3
	0.9
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	24.6
	18.6
	22.3
	6.1
	26.1
	2.4
	

	P2
	mass %
	5.6
	3.0
	35.0
	7.3
	44.8
	4.1
	SiO2 - based phase

	
	mol. %
	1.4
	1.7
	30.4
	9.1
	51.8
	5.6
	



[image: image55]
Fig. 3.29 – Micrographs of region 3
Table 3.26 – EDX data on region 3

	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	33.8
	11.8
	22.2
	4.6
	25.6
	2.1
	-

	
	mol. %
	11.9
	9.1
	26.6
	7.8
	40.7
	3.9
	

	SQ2
	mass %
	33.2
	11.7
	22.7
	4.5
	25.9
	1.9
	

	
	mol. %
	11.7
	9.1
	27.0
	7.6
	41.0
	3.6
	

	SQ3
	mass %
	34.0
	11.2
	22.9
	4.6
	25.3
	1.9
	

	
	mol. %
	12.1
	8.7
	27.5
	7.9
	40.3
	3.6
	

	P1
	mass %
	5.9
	2.9
	32.2
	11.3
	43.8
	3.9
	SiO2 - based phase 

	
	mol. %
	1.5
	1.6
	27.7
	13.9
	50.0
	5.2
	

	P2
	mass %
	55.4
	19.7
	13.7
	2.0
	8.5
	0.8
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	28.1
	21.9
	23.5
	5.0
	19.4
	2.1
	



[image: image56]
Fig. 3.30 – Micrographs of region 4

Table 3.27 – EDX data on region 4
	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	34.0
	12.2
	22.5
	4.5
	25.1
	1.9
	-

	
	mol. %
	12.1
	9.5
	27.1
	7.7
	40.1
	3.6
	

	SQ2
	mass %
	35.4
	11.9
	21.5
	4.2
	25.2
	1.9
	

	
	mol. %
	12.8
	9.4
	26.2
	7.2
	40.8
	3.5
	

	SQ3
	mass %
	35.5
	11.2
	22.4
	4.4
	24.7
	1.8
	

	
	mol. %
	12.8
	8.8
	27.3
	7.6
	40.0
	3.5
	

	SQ4
	mass %
	38.1
	11.5
	20.9
	4.9
	22.8
	1.8
	

	
	mol. %
	14.1
	9.4
	26.2
	8.8
	38.0
	3.5
	

	P1
	mass %
	72.1
	21.8
	4.0
	1.3
	0.3
	0.5
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	50.2
	33.2
	9.5
	4.2
	1.1
	1.9
	



[image: image57]
Fig. 3.31 – Micrographs of region 5

Table 3.28 – EDX data on region 5
	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	35.7
	12.2
	21.7
	4.1
	24.7
	1.7
	-

	
	mol. %
	13.0
	9.7
	26.6
	7.2
	40.4
	3.2
	

	SQ2
	mass %
	36.5
	11.8
	22.0
	4.5
	23.5
	1.6
	

	
	mol. %
	13.4
	9.5
	27.3
	8.0
	38.8
	3.2
	

	SQ3
	mass %
	36.4
	12.3
	22.3
	3.8
	23.5
	1.8
	

	
	mol. %
	13.4
	9.9
	27.7
	6.7
	38.9
	3.5
	

	SQ4
	mass %
	34.0
	11.1
	22.5
	4.4
	26.0
	1.9
	

	
	mol. %
	12.0
	8.6
	26.8
	7.5
	41.4
	3.6
	

	P1
	mass %
	72.4
	19.7
	6.2
	1.4
	0.1
	0.1
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	50.1
	29.9
	14.6
	4.8
	0.2
	0.4
	

	P2
	mass %
	2.7
	1.4
	43.8
	4.3
	44.7
	3.1
	SiO2 - based phase

	
	mol. %
	0.7
	0.8
	37.8
	5.2
	51.3
	4.2
	

	P3
	mass %
	5.1
	1.0
	4.4
	0.8
	86.9
	1.8
	SiO2

	
	mol. %
	1.2
	0.5
	3.5
	0.9
	91.7
	2.2
	



[image: image58]
Fig. 3.32 – Micrographs of region 6

Table 3.29 – EDX data on region 6

	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	39.9
	12.6
	21.0
	3.7
	20.9
	1.9
	-

	
	mol. %
	15.3
	10.6
	27.3
	6.8
	36.2
	3.8
	

	SQ2
	mass %
	38.5
	12.6
	21.5
	3.5
	22.1
	1.7
	

	
	mol. %
	14.6
	10.5
	27.5
	6.4
	37.6
	3.5
	

	SQ3
	mass %
	42.2
	13.1
	18.6
	3.6
	20.6
	2.0
	

	
	mol. %
	16.6
	11.3
	24.8
	6.8
	36.5
	4.1
	

	SQ4
	mass %
	40.0
	13.8
	21.0
	3.2
	19.7
	2.4
	

	
	mol. %
	15.5
	11.7
	27.5
	6.0
	34.4
	4.9
	

	SQ5
	mass %
	39.6
	13.9
	20.4
	3.2
	21.1
	1.7
	

	
	mol. %
	15.3
	11.8
	26.6
	6.0
	36.7
	3.5
	

	P1
	mass %
	67.1
	20.2
	8.5
	2.0
	2.1
	0.1
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	42.0
	27.7
	18.0
	6.0
	6.0
	0.4
	

	P2
	mass %
	29.2
	11.5
	21.4
	4.9
	26.1
	6.9
	Mixture of phases

	
	mol. %
	9.6
	8.3
	23.8
	7.7
	38.6
	12.0
	

	P3
	mass %
	5.4
	3.8
	27.4
	12.0
	46.2
	5.3
	SiO2 - based phase

	
	mol. %
	1.3
	2.1
	23.2
	14.5
	51.9
	7.0
	

	P4
	mass %
	2.0
	0.6
	44.1
	0.9
	50.4
	2.1
	

	
	mol. %
	0.5
	0.3
	37.9
	1.0
	57.5
	2.8
	



[image: image59]
Fig. 3.33 – Micrographs of region 7

Table 3.30 – EDX data on region 7

	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	39.2
	12.4
	20.3
	3.7
	21.5
	2.9
	-

	
	mol. %
	14.8
	10.2
	25.9
	6.7
	36.5
	5.9
	

	SQ2
	mass %
	46.5
	14.0
	14.8
	3.5
	18.4
	3.0
	

	
	mol. %
	19.2
	12.6
	20.6
	6.9
	34.1
	6.5
	



[image: image60]
Fig. 3.34 – Micrographs of region 8
Table 3.31 – EDX data on region 8

	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	37.7
	13.2
	21.1
	4.2
	22.0
	1.9
	-

	
	mol. %
	14.1
	10.8
	26.7
	7.5
	37.1
	3.8
	

	SQ2
	mass %
	38.0
	12.4
	22.1
	4.5
	21.4
	1.7
	

	
	mol. %
	14.2
	10.2
	28.0
	8.2
	36.0
	3.4
	

	SQ3
	mass %
	37.0
	12.0
	22.5
	4.5
	22.2
	1.8
	

	
	mol. %
	13.7
	9.7
	28.2
	8.1
	36.8
	3.6
	

	P1
	mass %
	73.6
	21.3
	4.5
	0.6
	-
	-
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	53.3
	33.7
	11.0
	2.0
	-
	-
	

	P2
	mass %
	5.5
	3.8
	29.3
	10.5
	46.0
	5.0
	SiO2 - based phase

	
	mol. %
	1.4
	2.1
	25.0
	12.7
	52.1
	6.7
	

	P3
	mass %
	34.8
	10.9
	23.4
	4.5
	22.0
	4.5
	Mixture of phases

	
	mol. %
	12.4
	8.4
	28.0
	7.6
	35.0
	8.5
	

	P4
	mass %
	71.8
	20.9
	6.2
	1.0
	-
	-
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	50.0
	32.0
	14.7
	3.3
	-
	-
	

	P5
	mass %
	3.2
	1.5
	50.6
	4.0
	37.9
	2.7
	SiO2 - based phase

	
	mol. %
	0.8
	0.9
	44.8
	5.1
	44.6
	3.8
	



[image: image61]
Fig. 3.35 – Micrographs of region 9

Table 3.32 – EDX data on region 9

	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	37.8
	13.3
	19.5
	3.8
	23.2
	2.4
	-

	
	mol. %
	14.1
	10.9
	24.6
	6.7
	39.0
	4.7
	

	SQ2
	mass %
	37.1
	12.1
	21.1
	4.4
	23.6
	1.7
	

	
	mol. %
	13.7
	9.8
	26.3
	7.7
	39.1
	3.4
	

	SQ3
	mass %
	37.5
	12.3
	21.4
	4.2
	22.8
	1.7
	

	
	mol. %
	14.0
	10.0
	27.0
	7.5
	38.1
	3.4
	

	SQ4
	mass %
	38.9
	12.8
	20.1
	3.7
	22.3
	2.1
	

	
	mol. %
	14.7
	10.6
	25.8
	6.8
	37.8
	4.3
	

	P1
	mass %
	73.7
	17.7
	7.1
	1.5
	-
	-
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	51.3
	27.0
	16.7
	5.0
	-
	-
	

	P2
	mass %
	4.3
	3.8
	28.1
	12.1
	46.8
	5.0
	SiO2 - based phase

	
	mol. %
	1.1
	2.1
	23.6
	14.5
	52.2
	6.6
	



[image: image62]
Fig. 3.36 – Micrographs of region 10
Table 3.33 – EDX data on region 10

	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	35.2
	11.9
	23.7
	4.1
	23.6
	1.5
	-

	
	mol. %
	12.8
	9.5
	29.1
	7.3
	38.6
	2.8
	

	SQ2
	mass %
	35.0
	12.7
	21.8
	4.1
	24.4
	1.9
	

	
	mol. %
	12.7
	10.0
	26.7
	7.2
	39.7
	3.7
	

	SQ3
	mass %
	36.0
	12.2
	20.7
	4.3
	24.9
	1.9
	

	
	mol. %
	13.1
	9.7
	25.4
	7.5
	40.6
	3.7
	

	SQ4
	mass %
	33.9
	11.7
	23.0
	4.3
	25.2
	1.8
	

	
	mol. %
	12.1
	9.1
	27.6
	7.4
	40.3
	3.5
	

	P1
	mass %
	69.4
	16.7
	8.5
	2.6
	2.7
	0.1
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	43.4
	22.9
	18.0
	7.8
	7.5
	0.3
	

	P2
	mass %
	41.8
	12.9
	21.7
	4.4
	17.1
	2.1
	Mixture of phases

	
	mol. %
	16.5
	11.2
	29.1
	8.4
	30.4
	4.3
	

	P3
	mass %
	-
	1.4
	54.2
	2.1
	39.9
	2.5
	SiO2 - based phase

	
	mol. %
	-
	0.8
	47.1
	2.6
	46.1
	3.4
	

	P4
	mass %
	28.2
	6.9
	13.6
	4.7
	44.5
	2.1
	

	
	mol. %
	8.7
	4.6
	14.2
	7.0
	61.9
	3.5
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Fig. 3.37 – Micrographs of region 11

Table 3.34 – EDX data on region 11

	#
	UO2+х
	ZrO2
	FeO1.5
	CaO
	SiO2
	AlO1.5
	Phase

	SQ1
	mass %
	34.1
	10.8
	23.3
	4.6
	25.5
	1.7
	-

	
	mol. %
	12.1
	8.4
	27.9
	7.9
	40.6
	3.2
	

	SQ2
	mass %
	29.3
	10.1
	24.7
	4.9
	28.4
	2.5
	

	
	mol. %
	9.8
	7.4
	27.8
	7.9
	42.6
	4.5
	

	SQ3
	mass %
	32.3
	12.2
	22.3
	4.6
	26.7
	1.9
	

	
	mol. %
	11.3
	9.4
	26.4
	7.7
	41.8
	3.4
	

	SQ4
	mass %
	34.2
	11.1
	23.2
	4.6
	25.0
	1.9
	

	
	mol. %
	12.2
	8.7
	27.9
	7.8
	39.9
	3.6
	

	SQ5
	mass %
	34.6
	11.2
	22.6
	4.9
	24.8
	2.0
	

	
	mol. %
	12.3
	8.7
	27.2
	8.3
	39.7
	3.7
	

	SQ6
	mass %
	12.5
	6.5
	31.6
	7.2
	39.0
	3.2
	

	
	mol. %
	3.5
	4.0
	29.7
	9.6
	48.6
	4.7
	

	SQ7
	mass %
	36.8
	12.0
	25.3
	3.5
	21.4
	1.0
	

	
	mol. %
	13.8
	9.8
	32.0
	6.3
	36.0
	2.1
	

	SQ8
	mass %
	26.9
	12.1
	13.2
	2.3
	43.7
	1.7
	

	
	mol. %
	8.6
	8.4
	14.2
	3.6
	62.4
	2.8
	

	SQ9
	mass %
	4.3
	4.8
	33.1
	11.8
	41.9
	4.0
	

	
	mol. %
	1.1
	2.7
	28.5
	14.5
	47.9
	5.4
	

	P1
	mass %
	68.9
	22.7
	7.0
	1.3
	-
	0.1
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	46.4
	33.4
	15.8
	4.2
	-
	0.2
	

	P2
	mass %
	12.6
	4.8
	29.4
	13.3
	36.4
	3.5
	SiO2 - based phase

	
	mol. %
	3.4
	2.8
	27.0
	17.4
	44.4
	5.0
	

	P3
	mass %
	3.5
	3.6
	45.9
	6.5
	37.7
	2.8
	

	
	mol. %
	0.9
	2.1
	40.6
	8.2
	44.3
	3.9
	


3.3. Test PRS28
Ingot macrostructure

The furnace disassembly revealed aerosol depositions on the crucible section walls. (Fig. 3.38). Crust thickness between the bottom calorimeter and corium ingot was approx. 1 mm. The post-experimental ingot is shown in Fig. 3.39. The ¼ part of the ingot was used for making a template for the SEM/EDX analysis. The samples of melt, ingot, crust and spillages were used to make specimens for the XRF and chemical analysis for determining the melt composition, at which the liquidus temperature was measured. Portions of melt samples were taken for the SEM/EDX analysis.
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Fig. 3.38 – Crucible sections and ingot top after the experiment PRS28
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Fig. 3.39 – Top (a) and side (b) views of the ingot PRS28
Material balance
The mass balance data from PRS28 are summarized in Tab. 3.35.

Table 3.35. – Material balances from PRS28
	Introduced into the melt, g
	Gathered, g

	UO2.3
	1860.671
	Melt sample #1
	9.703

	ZrO2
	730.4019
	Melt sample #2
	11.355

	FeO
	539.6284
	Melt sample #3
	4.626

	CaO
	6.373549
	Melt sample #4
	3.841

	Al2O3
	539.4335
	Ingot
	3426.280

	
	
	Rod sample
	16.318

	
	
	Aerosols
	63.242

	
	
	Dry spillages 1)
	141.805

	Σ
	3676.509
	Σ
	3677.170

	Debalance
	+0.661


Note: 1) - “Dry spillages” include the nonreacted charge and aerosols that fell from the sections during the crucible disassembly.
The X-ray fluorescence analysis (XRF)
The elemental composition of the fused products was determined by the XRF method using the SPECTROSCAN MAX-GV [14]. The procedure of specimen preparation for analysis is explained in Section 3.1 (XRF).
Tab. 3.36 present the XRF data on corium samples from PRS28, as well as the elemental material balance.

Table 3.36 – XRF data on corium samples, the elemental material balance. PRS28
	Item
	Content, mass %
	Mass, g

	
	UO2
	ZrO2
	FeO
	CaO
	Al2O3
	

	Melt sample #1
	51.002
	20.752
	14.256
	0.280
	13.710
	9.703

	Melt sample #2
	51.516
	20.944
	13.705
	0.240
	13.595
	11.355

	Melt sample #3
	51.092
	20.776
	13.781
	0.215
	14.136
	4.626

	Melt sample #4
	53.323
	19.725
	14.112
	0.202
	12.638
	3.841

	Ingot
	50.320
	19.960
	14.770
	0.180
	14.770
	3426.280

	Rod sample
	51.002
	20.752
	14.256
	0.280
	13.710
	16.318

	Aerosols from quartz tube
	44.589
	27.284
	20.362
	0.214
	7.551
	29.287

	Aerosols from crucible sections
	48.220
	22.330
	25.590
	0.220
	3.640
	33.955

	Dry spillages
	54.892
	16.910
	12.666
	0.081
	15.451
	141.805

	Item
	Mass, g
	

	Melt sample #1
	4.949
	2.014
	1.383
	0.027
	1.330
	

	Melt sample #2
	5.850
	2.378
	1.556
	0.027
	1.544
	

	Melt sample #3
	2.364
	0.961
	0.638
	0.010
	0.654
	

	Melt sample #4
	2.048
	0.758
	0.542
	0.008
	0.485
	

	Ingot
	1724.104
	683.885
	506.062
	6.167
	506.062
	

	Rod sample
	8.323
	3.386
	2.326
	0.046
	2.237
	

	Aerosols from quartz tube
	13.059
	7.991
	5.963
	0.063
	2.212
	

	Aerosols from crucible sections
	16.373
	7.582
	8.689
	0.075
	1.236
	

	Dry spillages
	77.840
	23.979
	17.961
	0.115
	21.911
	

	Collected , g
	1854.908
	732.934
	545.121
	6.537
	537.671
	

	Introduced, g
	1860.671
	730.402
	539.628
	6.374
	539.434
	

	Imbalance, g
	-5.763
	+2.532
	+5.492
	+0.164
	-1.763
	

	% from introduced
	0.31
	0.35
	1.02
	2.57
	0.33
	


Note: 1)- For the elemental material balance the composition of probe sample corresponded to melt sample #1, because it was not analyzed.

It follows from Table 3.36 that the imbalance between the introduced and collected for UO2 and ZrO2 does not exceed 0.4%.

Chemical analysis
The melt samples collected during the PRS28 experiment, ingot, above-melt crust,  and aerosols samples were prepared for  chemical analysis to evaluate the content of   Utotal, Zrtotal, Fetotal. The methodology of sample preparation and analysis is  explained in detail in Section 3.1. (chemical analysis).

Tab. 3.37 present the results of the fused products chemical analysis from PRS28. 

Table 3.37. – Chemical analysis data on the fused products from PRS28

	Item
	Content, mass %

	
	Utotal
	Zr
	Fe

	Melt sample #1
	44.9
	14.7
	10.83

	Melt sample #2
	45.1
	14.66
	10.74

	Melt sample #3
	45.03
	14.52
	10.68

	Melt sample #4
	46.13
	14.04
	11.74

	Ingot
	46.6
	14.75
	11.85


SEM/EDX

The results of SEM/EDX analysis of melt samples taken during the PRS28 experiment are presented in Figs. 3.40-3.43 and Tables 3.38-3.41.

The most typical microstructure of PRS28 samples is given in Fig. 3.41 (regions 2-2-2 and 2-2-2-1) – these are dendrites of solid solution based on (U,Zr,Fe)O2), between them there is the crystallized eutectics with the close to equimolar  ratio of aluminum and iron oxides (Table 3.39, region SQ5). In accordance with EDX the average composition of samples taken during the experiment is as follows: mass%(mol.%): 44.2(1.3(18.0(0.8) UO2, 16.5(0.8(14.7(0.8) ZrO2, 22.4(1.2(30.9(1.3) FeO1.5, 16.9(0.5(36.4(0.6) AlO1.5. Eutectic composition, mass%(mol.%): 40.4(15.9) UO2, 17.3(15.0) ZrO2, 25.9(34.6) FeO1.5, 16.5(34.4) AlO1.5.

The analysis of PRS28 ingot microstructure gives a clearer vision of the picture described for samples and identify the phases, which are present in the eutectics. The primary crystallization phase (solid solution based on (U,Zr,Fe)O2) is one of the eutectic phases, and the matrix phase is the solid solution based on (Fe,Al)2O3 (e.g. point P3 in Fig.3.48 and in Table. 3.45). In accordance with EDX the average ingot composition is as follows: mass%(mol.%): 42.4(1.3(16.7(0.8) UO2, 15.1(1.1(13.0(1.0) ZrO2, 24.2(1.2(32.2(1.6) FeO1.5, 18.3(1.3(38.1(1.9) AlO1.5. In accordance with EDX the average eutectics composition is: mass%(mol.%): 34.6(2.8(12.4(1.4) UO2, 11.9(1.5(9.3(1.3) ZrO2, 33.2(4.2(40.1(4.8) FeO1.5, 20.3(2.8(38.3(4.2) AlO1.5.
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Fig. 3.40 – Micrographs of sample #1
Table 3.38 – EDX data on sample#1
	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	43.2
	16.9
	22.9
	16.9
	-

	
	mol. %
	17.5
	15.0
	31.4
	36.2
	

	SQ2
	mass %
	43.2
	17.6
	21.9
	17.4
	-

	
	mol. %
	17.4
	15.6
	29.8
	37.2
	

	SQ3
	mass %
	43.3
	15.4
	24.4
	16.9
	-

	
	mol. %
	17.4
	13.5
	33.2
	35.9
	

	SQ4
	mass %
	42.7
	15.6
	24.3
	17.3
	-

	
	mol. %
	17.0
	13.7
	32.8
	36.5
	

	P1
	mass %
	75.9
	16.2
	6.0
	1.8
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	53.6
	25.1
	14.3
	6.9
	

	P2
	mass %
	17.8
	10.8
	39.3
	32.1
	Eutectic zone

	
	mol. %
	5.2
	6.9
	38.6
	49.4
	

	P3
	mass %
	81.4
	13.3
	5.3
	-
	(U,Zr,Fe)O2 -based phase

	
	mol. %
	63.4
	22.7
	13.9
	-
	

	P4
	mass %
	25.7
	17.4
	30.0
	26.9
	Eutectic zone

	
	mol. %
	8.3
	12.4
	33.0
	46.2
	

	P5
	mass %
	23.5
	16.5
	33.2
	26.8
	

	
	mol. %
	7.5
	11.5
	35.8
	45.2
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Fig. 3.41 – Micrographs of sample #2

Table 3.39 – EDX data on sample#2

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	68.1
	10.6
	13.1
	8.2
	-

	
	mol. %
	38.1
	13.0
	24.8
	24.2
	

	SQ2
	mass %
	43.6
	16.7
	22.7
	17.0
	-

	
	mol. %
	17.6
	14.8
	31.1
	36.4
	

	SQ3
	mass %
	43.7
	16.6
	22.9
	16.9
	-

	
	mol. %
	17.7
	14.7
	31.3
	36.3
	

	SQ4
	mass %
	42.7
	17.0
	22.9
	17.4
	-

	
	mol. %
	17.1
	14.9
	31.0
	37.0
	

	SQ5
	mass %
	40.4
	17.3
	25.9
	16.5
	Eutectic zone

	
	mol. %
	15.9
	15.0
	34.6
	34.4
	

	P1
	mass %
	79.1
	13.6
	7.4
	-
	(U,Zr,Fe)O2

	
	mol. %
	59.1
	22.2
	18.7
	-
	

	P2
	mass %
	22.4
	14.8
	33.9
	28.9
	Eutectic zone

	
	mol. %
	6.9
	10.1
	35.5
	47.5
	

	P3
	mass %
	88.8
	6.6
	4.7
	-
	(U,Zr,Fe)O2

	
	mol. %
	74.6
	12.1
	13.2
	-
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Fig. 3.42 – Micrographs of sample #3

Table 3.40 – EDX data on sample#3

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	45.2
	15.6
	22.1
	17.0
	-

	
	mol. %
	18.5
	14.0
	30.6
	36.9
	

	SQ2
	mass %
	45.0
	15.4
	22.2
	17.4
	-

	
	mol. %
	18.3
	13.8
	30.5
	37.4
	

	P1
	mass %
	62.8
	23.6
	12.7
	0.9
	(U,Zr,Fe)O2

	
	mol. %
	38.8
	32.0
	26.5
	2.8
	

	P2
	mass %
	37.8
	13.5
	19.4
	29.3
	Eutectic zone

	
	mol. %
	13.1
	10.3
	22.7
	53.9
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Fig. 3.43 – Micrographs of sample #4

Table 3.41 – EDX data on sample#4

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	46.6
	17.4
	20.1
	15.9
	-

	
	mol. %
	19.7
	16.1
	28.6
	35.6
	

	SQ2
	mass %
	45.6
	17.0
	21.4
	16.1
	-

	
	mol. %
	19.0
	15.5
	30.1
	35.4
	

	SQ3
	mass %
	45.4
	16.9
	21.4
	16.3
	-

	
	mol. %
	18.8
	15.3
	30.0
	35.9
	

	P1
	mass %
	69.7
	20.1
	9.1
	1.1
	(U,Zr,Fe)O2

	
	mol. %
	46.4
	29.4
	20.6
	3.7
	

	P2
	mass %
	32.0
	12.3
	29.5
	26.3
	Eutectic zone

	
	mol. %
	10.7
	9.0
	33.4
	46.8
	


Fig. 3.44-3.57 and Table 3.42-3.54 show the SEM/EDX data of the PRS28 ingot.
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Fig. 3.44 -A polished section from PRS28 with regions marked for the SEM/EDX analysis
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Fig. 3.45 – Micrographs of region 1

Table 3.42 – EDX data on region 1

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	42.8
	15.3
	24.0
	17.9
	Bulk composition

	
	mol. %
	16.9
	13.3
	32.1
	37.7
	

	SQ2
	mass %
	43.4
	15.1
	23.5
	18.0
	

	
	mol. %
	17.3
	13.2
	31.6
	38.0
	

	SQ3
	mass %
	54.4
	19.4
	14.8
	11.5
	Layer enriched of (U,Zr,Fe)O2 based phase

	
	mol. %
	26.2
	20.4
	24.1
	29.3
	

	SQ4
	mass %
	53.8
	17.6
	17.7
	10.9
	

	
	mol. %
	25.6
	18.3
	28.5
	27.6
	

	SQ5
	mass %
	35.9
	12.3
	31.2
	20.7
	Eutectic zone

	
	mol. %
	12.9
	9.7
	38.0
	39.4
	

	P1
	mass %
	74.0
	19.7
	6.3
	-
	(U,Zr,Fe)O2

	
	mol. %
	53.4
	31.1
	15.4
	-
	

	P2
	mass %
	78.7
	16.7
	4.6
	-
	

	
	mol. %
	60.1
	28.0
	11.9
	-
	

	P3
	mass %
	68.0
	23.6
	8.4
	-
	

	
	mol. %
	45.9
	35.0
	19.1
	-
	

	P4
	mass %
	32.6
	12.7
	30.5
	24.2
	Eutectic

	
	mol. %
	11.2
	9.6
	35.3
	44.0
	

	P5
	mass %
	31.4
	13.3
	31.0
	24.3
	

	
	mol. %
	10.7
	9.9
	35.6
	43.8
	

	P6
	mass %
	32.7
	12.9
	32.7
	21.7
	

	
	mol. %
	11.4
	9.8
	38.6
	40.1
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Fig. 3.46 – Micrographs of region 2

Table 3.43 – EDX data on region 2

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	42.4
	14.0
	26.1
	17.5
	Bulk composition

	
	mol. %
	16.7
	12.1
	34.7
	36.4
	

	SQ2
	mass %
	42.9
	14.4
	25.0
	17.8
	

	
	mol. %
	16.9
	12.4
	33.3
	37.3
	

	SQ3
	mass %
	64.5
	14.8
	10.1
	10.6
	Layer enriched of (U,Zr,Fe)O2 based phase

	
	mol. %
	34.5
	17.3
	18.3
	29.9
	

	SQ4
	mass %
	72.5
	15.9
	5.4
	6.2
	

	
	mol. %
	45.8
	22.0
	11.6
	20.6
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Fig. 3.47 – Micrographs of region 3

Table 3.44 – EDX data on region 3

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	43.2
	16.8
	23.9
	16.2
	Bulk composition

	
	mol. %
	17.5
	14.9
	32.8
	34.8
	

	SQ2
	mass %
	44.1
	13.8
	25.5
	16.6
	

	
	mol. %
	17.8
	12.2
	34.7
	35.3
	

	SQ3
	mass %
	69.4
	16.1
	9.8
	4.6
	Layer (U,Zr,Fe)O2

	
	mol. %
	42.8
	21.8
	20.5
	15.0
	

	P1
	mass %
	69.8
	23.0
	7.2
	-
	(U,Zr,Fe)O2

	
	mol. %
	48.2
	34.9
	16.9
	-
	

	P2
	mass %
	40.6
	14.6
	26.9
	17.9
	Eutectic

	
	mol. %
	15.7
	12.4
	35.2
	36.7
	

	P3
	mass %
	-
	-
	61.5
	38.5
	(Fe,Al)2O3 – based phase

	
	mol. %
	-
	-
	50.5
	49.5
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Fig. 3.48 – Micrographs of region 4

Table 3.45 – EDX data on region 4

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	41.2
	15.7
	23.6
	19.5
	-

	
	mol. %
	15.9
	13.3
	30.9
	39.9
	

	SQ2
	mass %
	45.5
	16.1
	21.4
	17.0
	-

	
	mol. %
	18.7
	14.5
	29.7
	37.1
	

	SQ3
	mass %
	35.1
	13.7
	26.6
	24.6
	-

	
	mol. %
	12.3
	10.5
	31.5
	45.6
	

	P1
	mass %
	73.9
	16.2
	9.9
	-
	(U,Zr,Fe)O2

	
	mol. %
	51.7
	24.9
	23.4
	-
	

	P2
	mass %
	34.9
	9.7
	35.7
	19.6
	Eutectic

	
	mol. %
	12.4
	7.6
	43.0
	37.0
	

	P3
	mass %
	30.3
	9.1
	38.2
	22.5
	(Fe,Al)2O3 – based phase

	
	mol. %
	10.2
	6.7
	43.3
	39.9
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Fig. 3.49 – Micrographs of region 5

Table 3.46 – EDX data on region 5

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	40.4
	15.6
	23.2
	20.8
	Bulk composition

	
	mol. %
	15.3
	13.0
	29.8
	41.9
	

	SQ2
	mass %
	41.3
	13.6
	24.0
	21.1
	

	
	mol. %
	15.6
	11.3
	30.7
	42.3
	

	SQ3
	mass %
	34.9
	11.3
	34.9
	18.9
	Eutectic

	
	mol. %
	12.6
	8.9
	42.5
	36.0
	

	SQ4
	mass %
	34.6
	11.8
	35.2
	18.4
	

	
	mol. %
	12.5
	9.4
	43.0
	35.1
	

	P1
	mass %
	70.8
	20.7
	8.4
	-
	(U,Zr,Fe)O2

	
	mol. %
	48.9
	31.4
	19.7
	-
	

	P2
	mass %
	21.8
	6.0
	46.1
	26.0
	(Fe,Al)2O3

	
	mol. %
	6.6
	4.0
	47.4
	41.9
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Fig. 3.50 – Micrographs of region 6

Table 3.47 – EDX data on region 6

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	39.8
	13.5
	23.9
	22.8
	-

	
	mol. %
	14.7
	10.9
	29.8
	44.6
	

	SQ2
	mass %
	32.3
	10.8
	29.3
	27.7
	-

	
	mol. %
	10.7
	7.8
	32.9
	48.6
	

	SQ3
	mass %
	32.3
	12.0
	25.3
	30.4
	-

	
	mol. %
	10.6
	8.6
	28.1
	52.7
	

	P1
	mass %
	72.0
	20.1
	7.9
	-
	(U,Zr,Fe)O2

	
	mol. %
	50.5
	30.8
	18.7
	-
	

	P2
	mass %
	33.7
	11.9
	38.0
	16.4
	Eutectic

	
	mol. %
	12.3
	9.4
	46.7
	31.6
	

	P3
	mass %
	-
	-
	62.6
	37.4
	(Fe,Al)2O3

	
	mol. %
	-
	-
	51.6
	48.4
	


[image: image78.png]



Fig. 3.51 – Micrographs of region 7

Table 3.48 – EDX data on region 7

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	42.4
	16.0
	24.6
	17.0
	-

	
	mol. %
	16.9
	13.9
	33.2
	36.0
	

	SQ2
	mass %
	45.2
	15.5
	23.2
	16.1
	-

	
	mol. %
	18.6
	14.0
	32.3
	35.1
	

	SQ3
	mass %
	49.4
	18.7
	19.4
	12.5
	Enriched (U,Zr,Fe)O2

	
	mol. %
	22.2
	18.4
	29.5
	29.9
	

	SQ4
	mass %
	32.6
	13.3
	31.9
	22.2
	Eutectic

	
	mol. %
	11.4
	10.1
	37.6
	40.9
	

	P1
	mass %
	70.5
	22.6
	6.9
	-
	(U,Zr,Fe)O2

	
	mol. %
	49.1
	34.6
	16.3
	-
	

	P2
	mass %
	33.3
	11.3
	33.9
	21.4
	Eutectic

	
	mol. %
	11.6
	8.6
	40.1
	39.7
	

	P3
	mass %
	-
	-
	57.4
	42.6
	(Fe,Al)2O3

	
	mol. %
	-
	-
	46.2
	53.8
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Fig. 3.52 – Micrographs of region 8

Table 3.49 – EDX data on region 8

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	42.9
	14.3
	23.9
	18.8
	-

	
	mol. %
	16.8
	12.3
	31.7
	39.1
	

	SQ2
	mass %
	43.7
	14.3
	24.3
	17.7
	-

	
	mol. %
	17.4
	12.5
	32.7
	37.3
	

	SQ3
	mass %
	34.7
	11.4
	22.5
	31.4
	-

	
	mol. %
	11.5
	8.3
	25.2
	55.0
	

	SQ4
	mass %
	34.6
	13.2
	12.7
	39.5
	-

	
	mol. %
	10.9
	9.1
	13.6
	66.3
	

	SQ5
	mass %
	38.3
	12.6
	16.3
	32.8
	-

	
	mol. %
	13.0
	9.4
	18.7
	59.0
	

	SQ6
	mass %
	32.8
	10.7
	36.5
	19.9
	-

	
	mol. %
	11.5
	8.2
	43.3
	36.9
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Fig.3.53 – Micrographs of regions 9-11

Table 3.50 – EDX data on regions 9-11

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	43.0
	17.1
	21.6
	18.3
	-

	
	mol. %
	17.1
	14.9
	29.2
	38.8
	

	SQ2
	mass %
	44.2
	17.0
	21.2
	17.6
	-

	
	mol. %
	17.9
	15.1
	29.1
	37.9
	

	SQ3
	mass %
	45.4
	14.9
	21.9
	17.8
	-

	
	mol. %
	18.4
	13.3
	30.1
	38.3
	

	SQ4
	mass %
	43.1
	14.6
	24.5
	17.8
	-

	
	mol. %
	17.1
	12.7
	32.9
	37.3
	

	SQ5
	mass %
	44.4
	14.6
	23.0
	18.0
	-

	
	mol. %
	17.8
	12.8
	31.2
	38.2
	

	SQ6
	mass %
	33.0
	9.5
	32.9
	24.6
	-

	
	mol. %
	11.2
	7.0
	37.7
	44.1
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Fig. 3.54 – Micrographs of region 12

Table 3.51 – EDX data on region 12
	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	42.6
	15.3
	24.0
	18.1
	-

	
	mol. %
	16.8
	13.2
	32.1
	37.9
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Fig. 3.55 – Micrographs of region 13

Table 3.52 – EDX data on region 13
	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	45.1
	13.7
	25.0
	16.3
	-

	
	mol. %
	18.4
	12.2
	34.4
	35.1
	

	SQ2
	mass %
	48.9
	16.4
	18.8
	16.0
	-

	
	mol. %
	21.0
	15.4
	27.3
	36.3
	

	SQ3
	mass %
	49.0
	14.5
	19.7
	16.8
	-

	
	mol. %
	20.7
	13.4
	28.1
	37.7
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Fig. 3.56 – Micrographs of regions 14-16

Table 3.53 – EDX data on regions 14-16

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	40.7
	16.0
	24.8
	18.5
	-

	
	mol. %
	15.8
	13.6
	32.6
	38.0
	

	SQ2
	mass %
	42.4
	16.4
	22.4
	18.8
	-

	
	mol. %
	16.7
	14.1
	29.9
	39.3
	

	SQ3
	mass %
	43.2
	13.9
	25.7
	17.2
	-

	
	mol. %
	17.2
	12.1
	34.5
	36.2
	

	SQ4
	mass %
	43.1
	14.6
	25.6
	16.7
	-

	
	mol. %
	17.2
	12.8
	34.7
	35.3
	

	SQ5
	mass %
	41.7
	15.7
	24.6
	18.0
	-

	
	mol. %
	16.4
	13.5
	32.7
	37.4
	

	SQ6
	mass %
	41.6
	13.1
	25.9
	19.4
	-

	
	mol. %
	16.0
	11.0
	33.6
	39.5
	

	SQ7
	mass %
	40.5
	14.6
	24.6
	20.3
	-

	
	mol. %
	15.4
	12.2
	31.5
	40.9
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Fig. 3.57 – Micrographs of region 17

Table 3.54 – EDX data on region 17

	#
	UO2
	ZrO2
	FeO1.5
	AlO1.5
	Phase

	SQ1
	mass %
	39.5
	15.3
	25.2
	20.1
	Bulk composition

	
	mol. %
	14.9
	12.7
	32.2
	40.2
	

	SQ2
	mass %
	41.2
	15.5
	24.5
	18.8
	

	
	mol. %
	16.0
	13.1
	32.2
	38.7
	

	SQ3
	mass %
	34.1
	13.1
	26.5
	26.4
	Eutectic zones

	
	mol. %
	11.7
	9.8
	30.7
	47.8
	

	SQ4
	mass %
	36.1
	12.7
	30.4
	20.8
	

	
	mol. %
	13.0
	10.0
	37.2
	39.7
	

	SQ5
	mass %
	37.2
	13.6
	28.6
	20.6
	

	
	mol. %
	13.6
	10.9
	35.4
	40.1
	

	SQ6
	mass %
	34.1
	10.7
	36.6
	18.6
	

	
	mol. %
	12.2
	8.4
	44.2
	35.3
	

	SQ7
	mass %
	29.4
	8.6
	42.6
	19.3
	

	
	mol. %
	10.0
	6.4
	48.9
	34.7
	

	SQ8
	mass %
	37.4
	14.9
	8.9
	38.9
	

	
	mol. %
	12.2
	10.7
	9.8
	67.3
	

	P1
	mass %
	64.6
	26.4
	9.0
	-
	(U,Zr,Fe)O2

	
	mol. %
	42.2
	37.9
	19.9
	-
	

	P2
	mass %
	39.5
	10.9
	33.6
	16.0
	Eutectic

	
	mol. %
	15.1
	9.1
	43.4
	32.4
	

	P3
	mass %
	-
	-
	63.4
	36.6
	(Fe,Al)2O3

	
	mol. %
	-
	-
	52.6
	47.4
	


4. VPA measurement in the Galakhov microfurnace
In order to specify liquidus temperatures and measure solidus temperatures of the studied systems the experimental studies employed both the VPA IMCC and the original experimental setup of the visual polythermal analysis – the Galakhov microfurnace.
PRS21

Figs. 4.1 and 4.2 present the video frames, which show the process of melting of fragments cleaved from the quenched melt samples №1, 2 in the Galakhov microfurnace. 
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	1623˚C
	1645˚C (Beginning of melting)
	1652˚C
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	1693˚С
	1749˚С
	1796˚С
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	1848˚C
	1957˚C
	2062˚C (Complete spreading)


Fig. 4.1. –Sample 1 during the test

(Start of the active specimen shape degradation T=1645 ˚C, complete specimen spreading on holder T=2062 ˚C)
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	1594˚C
	1631˚C (Beginning of melting)
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	1955˚C
	2023˚C (Complete spreading) 
	


Fig. 4.2. –Sample 1 during the test

(Start of the active specimen shape degradation T=1631 ˚C, complete specimen spreading on holder T=2023 ˚C)

The active degradation of the specimen shape in the microfurnace starts at 1630-1645 (С. Approximately at 1750(С the specimen becomes liquid, and at further temperature growth it starts spreading on the wire holder. In all probability this phenomenon does not correspond to the characteristic temperatures; it is likely to be caused by the reduced viscosity of the formed matrix melt. For sample 1 the spreading stops at 2062(С, and for sample 2 - at 2023(С. It can be assumed that this temperature region correspond to the system liquidus. In this way, in accordance with VPA in the Galakhov microfurnace the temperature of the active spreading start for the studied system corresponds to 1638(10(С, and liquidus temperature – to 2042(28(С The produced result agrees well with the VPA IMCC measurements.

PRS22

Figs. 4.3 and 4.4 present the video frames, which show the process of melting of fragments cleaved from the quenched melt samples №3, 5 in the Galakhov microfurnace.
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	1548˚C
	1572˚C (Beginning of melting)
	1598˚C
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	1821˚C
	1902˚C
	1955˚C (Complete spreading) 


Fig. 4.3. –Sample 1 during the test

(Start of the active specimen shape degradation T=1572 ˚C, complete specimen spreading on holder T=1955 ˚C)
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	1498˚C
	1536˚C
	1576˚C (Beginning of melting)
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	1697˚C 
	1757˚C
	1822˚C
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	1960˚C (Complete spreading) 
	
	


Fig. 4.4. –Sample 5 during the test

(Start of the active specimen shape degradation T=1576 ˚C, complete specimen spreading on holder T=1960 ˚C)
The active degradation of the specimen shape in the microfurnace starts at approx. 1570(30 (С. The specimen becomes liquid 1706(10(С.

The spreading stops at 1950(С. Therefore, in accordance with VPA in the Galakhov microfurnace liquidus temperature of the system is 1945(35(С. These data are by 100-150 degrees lower than the liquidus temperature measured by the VPA IMCC. On one hand, the temperature evaluated by VPA IMCC can be higher than actual due to the   influence of melt superheated under the solid phase and due to the exothermic effect of solid phase crystallization on the surface. On the other hand,  the  temperature determined by the VPA in the Galakhov microfurnace can be lower than actual, because the complete sample spreading does not guarantee the liquid phase of its whole volume. The content of solid phase in the liquidus neighborhood can change sharply. For these reasons it is advisable to accept the average value of temperatures determined by the applied set of visual polythermal methods as the liquidus temperature of the studied multicomponent composition.

PRS28
Figs. 4.5 and 4.6 present the video frames, which show the process of melting of fragments cleaved from the quenched PRS28 melt samples in the Galakhov microfurnace.
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	1594˚C
	1624˚C (Beginning of melting)
	1670˚C
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	1779˚C
	1830˚C
	1928˚C (Complete spreading)


Fig. 4.5. –Sample 2 during the test

(Start of the active specimen shape degradation T=1624 ˚C, complete specimen spreading on holder T=1928 ˚C)
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	1608˚C
	1639˚C (Beginning of melting) 
	1703˚C
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	1766˚C
	1810˚C
	1914˚C (Complete spreading)


Fig. 4.6. –Sample 3 during the test

 (Start of the active specimen shape degradation T=1639 ˚C, complete specimen spreading on holder T=1914 ˚C)
The degradation of the PRS28 specimen in the microfurnace starts at 1632(11(С. As in this case the matrix is the eutectically crystallized melt, this temperature level must be close to the system solidus. The complete specimen spreading on holder is observed at the 1920(С temperature level. In accordance with the data of VPA in the Galakhov microfurnace the system liquidus corresponds to 1921(10(С. These data are in good agreement with the  VPA IMCC measurements.

5. VPA VTM
PRS21
To determine the liquidus and solidus temperatures an average specimen of melt sample №2 was used, which had the grain size of <50 µm. The methodology of sample preparation for analysis is given in Section 3.1 (XRF).

Fig. 5.1 presents the video frames, which show the process of PRS21 melt sample melting in the high-temperature microscope.
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	1092(C
	1216(C (Beginning of melting) 
	1367(C
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	1479(C
(Beginning of spreading)
	1593(C (Complete spreading)
	


(Start of the specimen destruction T=1216 (C, complete specimen spreading on holder T=1593 (C)
Fig. 5.1. –Sample 2 during the test
Solidus temperature measured by this method was 1216 ˚С. These measurements give lower values than VPA IMCC and VPA in the Galakhov microfurnace. It is explained by the fact that VPA HTM uses the powder specimens. The powder specimens show changes even at the formation of a small liquid phase fraction in the system (the particles stir, edges become smoother, etc.), which is difficult to register on sintered specimens used in the Galakhov microfurnace. The same circumstances restrict the registration accuracy for the melting of matrix structures. In this way, the temperature level of 1450-1500(С in this experiment (Fig. 5.1) does not correspond to the complete spreading of matrix structure in spite of the visual start of its active spreading. Though the formation of meniscus testifies to the matrix melting, it does not guarantee that the specimen reached liquidus, because the melt can still contain the fragments of solid phase (dendrites of the most refractory component floating in the melt). Therefore, taking into account the above-described methodological peculiarities of VPA HTM, the complete specimen spreading on holder, which takes place at 1593(С, to a high degree corresponds to the temperature of active spreading start in the Galakhov microfurnace, i.e. the melting of matrix phase. 

Due to technical reasons it was not possible to determine the liquidus temperature visually by this method (not possible to heat the specimen to the required temperatures). Normally, on reaching the liquidus temperature the light-scattering centers disappear (refractory phase crystals), and the transparency of silicate melts grows. This moment can be registered by the VPA HTM.

PRS22
To determine the liquidus and solidus temperatures an average specimen of melt sample #2 was used, which had the grain size of <50 µm. The methodology of sample preparation for analysis is given in Section 3.1 (XRF).

Fig. 5.2 presents the video frames, which show the process of PRS22 melt sample melting in the high-temperature microscope.
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	1270(C
	1305(C (Beginning of melting) 
	1530(C
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	1706(C (Complete spreading)
	1883(C
	


(Start of the specimen destruction T=1305 (C, complete specimen spreading on holder T=1706 (C)
Fig. 5.2. –Sample 2 during the test
Solidus temperature measured by this method was 1305 (С. The complete specimen spreading on holder takes place at 1706(С, which corresponds to the temperature of active spreading start in the Galakhov microfurnace.

6. Differential thermal analysis (DTA)
PRS21
In order to evaluate solidus temperatures for the composition recommended by French collaborators (Table 2.1) a sample was prepared from the PRS21 ingot (Fig. 6.1). At first it was crushed to the grain size of <50 µm, after which the average sample was  produced by quartering.
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Fig. 6.1- Sampling schematics for DTA (PRS21)
The analysis was made in platinum crucibles. Fig. 6.2 shows the DTA curve, also its segments at the system heating and cooling.

Analysis parameters and conditions:

Mass of specimen (95 mg, the measurement cell was  flushed with argon at 5 ml/min flow rate, the heating rate in the studied area  was 10ºС/min, B thermocouple was used (Pt-30%Rh; Pt- 6%Rh). The maintained temperature range at measurements was from 900 to 1500 (С.


[image: image141]
Fig. 6.2 –DTА curve of PRS21: 
a) general view; b) heating; c) cooling

Three endothermic effects are observed on the heating curve: at 976, 1024 and 1050(С. At further heating up to 1500(С no thermal effects are observed on the DTA curve. At cooling one exothermic effect is observed, which is related to the crystallization of liquid phase formed at heating, which corresponds to 958(С. Taking into account that silicate melts are characterized by the phenomenon of the liquid phase supercooling, most probable is that solidus in the system corresponds to the first   endothermic effect (976(С), which is also reproduced at the system cooling with the 20(С  supercooling. The two other endothermic effects following the first one are likely to be caused by the recrystallization processes taking place in the specimen, which, judging by the cooling curve, are irreversible. In this way, the temperature of specimen degradation start, which was  registered by the  VPA in the Galakhov microfurnace, is not the solidus temperature of the system, it registers only one of the liquid-solid transitions on the way from solidus to liquidus of the studied multicomponent system.

PRS22
In order to determine the solidus temperature for the composition recommended by German collaborators (Table  2.1) a sample was prepared from the PRS22 ingot in a way similar to that of PRS21.

The analysis was made in platinum crucibles. Fig. 6.3 shows a segment of DTA curve with measured data.

Analysis parameters and conditions:

Mass of specimen (100 mg,  the measurement cell was  flushed with argon at 5 ml/min flow rate, the heating rate in the studied area  was 10ºС/min, B thermocouple was used  (Pt-30%Rh; Pt-6%Rh). The maintained temperature range at measurements was from 900 to 1500 (С.
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heating  

1263  


Fig. 6.3 - DTA curve for sample PRS22
One endothermic effect is observed on the heating curve at 1263(С, it is likely to correspond to solidus of the studied system. At further heating up to 1500(С no distinct thermal effects are observed on the DTA curve. In this way, the specimen degradation start temperature  registered by the VPA is close to the DTA data only in case of measurements by the high-temperature microscope.

PRS28

In order to determine the solidus temperature for the composition recommended by the Russian side (Table. 2.1) a sample was prepared from the PRS28 ingot in a way similar to that of PRS21 and PRS22.

The analysis was made in platinum, crucibles. Fig. 6.4 shows the DTA curve, also its segments at the system heating and cooling.

Analysis parameters and conditions:

Mass of specimen (100 mg, the measurement cell was  flushed with argon at 5 ml/min flow rate, the heating rate in the studied area  was 10ºС/min, B thermocouple was used (Pt-30%Rh; Pt-6%Rh). The maintained temperature range at measurements was from 1400 to 1650 (С.


[image: image143]
Fig. 6.4 –DTА curve of PRS28: 
a) general view; b) heating; c) cooling

One endothermic effect is observed on the heating curve at 1557(С, it corresponds to solidus temperature of the studied system, and it is quite accurately reproduced at the system cooling. It is evident that this is the temperature of eutectic composition found at the microstructure studies. At further heating up to 1650(С no distinct thermal effects are observed on the DTA curve. During the visual polythermal studies both by the method of VPA IMCC and by the VPA in the Galakhov microfurnace, certain phenomena were observed in this temperature range, which can be related to the system solidus. The VPA IMCC measurements are  50(С lower than the evaluation by classical DTA,  and in the Galakhov microfurnace they are by 70(С higher, which is explained by the above-discussed  specific features of these methods and, in principle, meet the criteria of measurement errors permissible  for application.
7. Discussion of results
1. The measurement of liquidus temperatures for the multicomponent prototypic corium using the classical methods is complicated by numerous technical difficulties due to the interaction of melt with crucible materials. The application of VPA IMCC enabled such measurement.

2. The comparison of the main component content data in the melt samples and ingot recalculated for oxides (Table 7.1-7.3), which were provided by the XRF and chemical analysis, has shown their good agreement.

Table 7.1 – Сompositions of melt samples measured by XRF and ChA of PRS21
	 Com-ponent
	Content

	
	Charge, mol.%

mass%
	XRF, mol.%

          mass%
	ChA, mass%

	
	
	#1
	#2
	#3
	Ingot
	#1
	#2
	#3
	Ingot

	UO2
	12.3
33.5
	13.33
35.50
	13.26
35.45
	12.05
33.06
	12.26 33.31
	34.62
	34.54
	33.71
	35.36

	ZrO2
	17.1
21.2
	17.01
20.67
	16.55
20.19
	16.30
20.40
	17.13
21.24
	20.09
	20.57
	21.46
	20.39

	SiO2
	36.7
22.2
	36.10
21.39
	35.36
21.09
	36.86
22.50
	37.37
22.60
	21.12
	21.08
	20.48
	21.21

	FeO
	21.6
15.6
	21.65
15.34
	21.98
15.63
	22.07
16.11
	23.21
16.78
	17.12
	16.35
	16.48
	16.99

	CaO
	10.6
6.0
	10.70
5.92
	11.13
6.18
	11.20
6.38
	8.89 5.02
	-
	-
	-
	-

	Al2O3
	1.4
1.4
	1.15 1.16
	1.34 1.35
	1.49 1.54
	0.95 0.97
	-
	-
	-
	-

	MgO
	0.2
0.1
	0.05 0.02
	0.28 0.11
	0.02 0.01
	0.20

0.08
	-
	-
	-
	-


Table 7.2 – Сompositions of melt samples measured by XRF and ChA of PRS22
	Com-ponent
	Content

	
	Charge, mol.%

mass%
	XRF, mol.%

          mass%
	ChA, mass%

	
	
	#1
	#2
	#3
	#4
	Ingot
	#1
	#2
	#3
	#4
	Ingot

	UO2.3
	23.09

48.04
	21.49

46.39
	21.58

46.47
	22.08

46.91
	22.47

47.05
	22.77

47.29
	45.96
	45.89
	46.34
	46.80
	45.98

	ZrO2
	17.01

15.87
	16.69

16.16
	16.77

16.19
	17.30

16.48
	18.18

17.07
	17.75

16.53
	16.79
	16.28
	16.86
	17.60
	17.10

	Fe2O3
	11.32

13.68
	10.18

12.77
	10.30

12.88
	10.60

13.09
	11.03

13.42
	11.80

14.25
	12.70
	12.52
	13.30
	13.37
	14.40

	CaO
	10.04

4.26
	10.40

4.58
	10.51

4.62
	10.73

4.65
	8.26

3.53
	10.53

4.46
	-
	-
	-
	-
	-

	SiO2
	36.62

16.66
	39.31

18.55
	38.97

18.34
	37.38

17.36
	38.21

17.49
	35.23

16.00
	18.65
	19.43
	17.59
	17.35
	16.75

	Al2O3
	1.93

1.49
	1.93

1.54
	1.87

1.49
	1.92

1.51
	1.86

1.45
	1.92

1.48
	-
	-
	-
	-
	-


Table 7.3 – Сompositions of melt samples measured by XRF and ChA of PRS28
	Com-ponent
	Charge, mol.%

mass%
	Content

	
	
	XRF, mol.%

          mass%
	ChA, mass%

	
	
	#1
	#2
	#3
	#4
	Ingot
	#1
	#2
	#3
	#4
	Ingot

	UO2
	26.92
50.08
	27.17

51.00
	27.68

51.52
	27.34

51.09
	28.98

53.32
	26.55

50.32
	50.94
	51.16
	51.08
	52.33
	52.86

	ZrO2
	22.88
19.70
	24.23

20.75
	24.66

20.94
	24.36

20.78
	23.49

19.73
	23.08

19.96
	19.86
	19.80
	19.61
	18.96
	19.92

	CaO
	0.44
0.17
	0.72

0.28
	0.62

0.24
	0.55

0.22
	0.53

0.20
	0.46

0.18
	
	
	
	
	

	FeO
	29.08
14.60
	28.54

14.26
	27.68

13.71
	27.71

13.78
	28.82

14.11
	29.29

14.77
	13.93
	13.82
	13.74
	15.10
	15.24

	Al2O3
	20.67
14.73
	19.34

13.71
	19.35

13.60
	20.03

14.14
	18.19

12.64
	20.64

14.77
	
	
	
	
	


3. The SEM/EDX data on samples are different from XRF for the main components. It can be explained by the non-uniform crystallization of the refractory phase at sampling, which is indirectly confirmed by the SEM/EDX analysis of ingot. For this reason we consider the XRF data as more reliable, and they were used for determining melt composition. 

4. The results of completed studies were used for determining solidus temperature, sharp change of the formed melt viscosity and liquidus of the chosen multicomponent systems. The comparison of measured solidus and liquidus temperatures with  thermodynamical calculations using the GEMINI-2 code and NUCLEA-10 database are given in Table 7.4.
Table 7.4 – Solidus and liquidus temperatures: thermodynamical calculations and measured data produced by different methods

	Test
	VPA IMCC
	VPA GM
	VPA VTM
	DTA
	GEMINI/NUCLEA

	
	Tliq
	Tspr_GM
	Tliq
	Tsol
	Tspr_VTM
	Tsol
	Tsol
	Tliq

	
	(С

	PRS21
	2070±90
	1638±10
	2042±28
	1216
	1593
	976±5
	1100
	1930

	PRS22
	2125±50
	1706±10
	1945±35
	1305
	1706
	1263±5
	1150
	2075

	PRS28
	1920±40
	
	1921±10
	-
	-
	1557±5
	1490
	1955


Tspr_GM – temperature of the active specimen shape degradation  start in the Galakhov microfurnace

Tspr_VTM – temperature of complete specimen spreading on the heater in  the high-temperature microscope

As it can be concluded from comparison of produced experimental data (Table 7.2), in case of multicomponent system  studies the task of determining the solidus and liquidus temperatures  is much more complicated than for the systems with  a more simple composition. It is explained by the uncertainty in the fluctuating ratio of the liquid and solid phases in the system  at temperature changes. Beside this an important role in determining the characteristic temperatures is played by the condition of the specimen itself (sintered material or powder sample). Another uncertainty is brought by the behavior  of liquid phase, which contains the vitrifying component SiO2. In this case certain methods give reliable information about the solidus temperature of such systems classical DTA), others prove to be more suitable for the evaluation of liquidus (VPA IMCC). 

With this the information about the considerable change of system viscosity  at high temperatures is of high practical interest (e.g. in the validation of  melt spreading concept). In this case quite suitable are VPA in the Galakhov microfurnace and VPA HTM.

It can be assumed that the sharp change of melt viscosity is explained by the complete melting of inter-dendrite matrix of crystallized melt. To check this assumption using the  GEMINI/NUCLEA code the solidus and liquidus temperatures were calculated for multicomponent compositions, which, in accordance with EDX, correspond to the  composition of considered matrix. The results of calculations are given in Table 7.3.

Table 7.5 – Calculated liquidus and solidus temperatures of the PRS21,22  matrix phase 

	
	U
	Zr
	Si
	Fe
	Ca
	Al
	Mg
	O
	Tsol 
	Tliq

	
	
	
	
	
	
	
	
	
	(С

	PRS21
	mol.%
	1.3±1.1
	1.9±1.2
	25.0±8.0
	17.0±5.5
	6.8±3.0
	1.9±0.3
	0.5±0.3
	45.7±18.5
	1072
	1631

	
	stoih.
	0.94
	1.38
	18.12
	12.32
	4.93
	1.38
	0.36
	60.57
	
	

	PRS22
	mol.%
	0.7±0.7
	0.9±0.6
	22.6±4.3 
	14.9±4.3
	3.6±2.1
	2.2±0.9
	-
	55.1±8.1
	1141
	1663

	
	stoih.
	0.57
	0.73
	18.44
	12.16
	2.94
	1.8
	-
	63.36
	
	


Comparison of calculations with produced experimental data brings a conclusion that the assumption about the nature of melt viscosity changes being related to the complete melting of the matrix phase agrees very well with the numerical model of the studied systems. Therefore the results of measurements can be used to verify the calculation procedures.
8. Conclusions
· Solidus and liquidus temperatures have been measured for three specified compositions.

· Liquidus temperature was evaluated for the matrix melt (melt staying liquid after the crystallization of most refractory phases) for the compositions proposed by the German and French collaborators.

· The eutectics composition and temperature were determined for the system proposed by the Russian side.
The produced results are summarized in Table 8.1, which shows the statistical processing of completed measurements of liquidus, solidus and the matrix phase melting temperature (temperature of spreading) using the whole inventory of methods.

Table 8.1 – Summarized measurement results in comparison with calculations of solidus, liquidus and spreading temperature (matrix melt temperature), (С

	Test
	PRECOS results
	GEMINI (NUCLEA 10)

	
	Tsol
	Tmatrix
	Tliq
	Tsol
	Tmatrix
	Tliq

	PRS21
	976±5
	1629±67
	2070±90
	1072
	1631
	1930

	PRS22
	1263±5
	1666±76
	2050±30
	1141
	1663
	2075

	PRS28
	1557±5*
	-
	1920±40
	1490*
	-
	1955


Tmatrix – liquidus temperature of matrix phase

* - eutectic temperature of average composition (in accordance with EDX), mass.%(mol..%): 34.6(2.8(12.4(1.4) UO2+x, 11.9(1.5(9.3(1.3) ZrO2, 33.2(4.2(40.1(4.8) FeO1.5, 20.3(2.8(38.3(4.2) AlO1.5.

The measurement data summarized in table 8.1 can be recommended for the NUCLEA database verification.
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