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ABSTRACT
The report presents description and results of the MCР-5 test, carried out within the ISTC project METCOR-Р, No. 3592.
Interaction kinetics of the suboxidized UO2-x-ZrO2 melt and cooled European vessel steel specimen in argon is studied.
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[bookmark: _Toc299101452]INTRODUCTION
The METCOR and METCOR-Р projects have studied the interaction between the suboxidized molten corium and cooled Russian reactor vessel steel in the inert atmosphere. It has been established [1] that steel corrosion follows the mechanism of eutectic melting/dissolution. During this an interaction zone (IZ) is formed in the steel specimen body; it contains U, Zr, Fe(Cr, Ni…) and a small amount of oxygen. By the time of corrosion completion the minimal temperature on the IZ/steel specimen boundary is 1060…1090ºС [1, 2]. The available experimental data on corrosion kinetics have been described by the empirical correlation [2].
In accordance with the METCOR-Р work plan a МСР-5 has been conducted. It studied the interaction between molten suboxidized corium and a specimen of European reactor vessel steel in order to identify possible differences in the corrosion kinetics and depth in comparison with the VVER steel data. Below the МСР-5 specification, procedure, results and their analysis are presented.





















[bookmark: _Toc299101453]DESCRIPTION OF THE EXPERIMENT
[bookmark: _Toc299101454]Experimental setup schematics
The experiment was conducted on the Rasplav-3 test facility. Furnace schematics is given in Fig. 1.1. Fig. 1.2 shows the vessel steel specimen. Two calorimeters, the top and bottom ones, were used to cool the specimen, measure heat flux from the melt into the specimen and to cool the zone, where ultrasonic sensor is attached to the specimen.


1 – water-cooled pyrometer shaft; 2 – water-cooled cover; 3 – water-cooled electromagnetic screen; 4- quartz tube; 5 – crucible sections; 6 – inductor; 7 – melt; 8 – acoustic defect; 9 – molten ZrO2 (fianite); 10 –ZrO2 powder; 11 – vessel steel specimen; 12 – top specimen calorimeter; 13 – bottom specimen calorimeter; 14 – mullite cotton insulation; 15 –USS sensor; 16 –K-type thermocouple; 17 – crust, 18 – electromagnetic screen (sections are welded together); 19 – uncooled electromagnetic screen; 20 – cylindrical support of the specimen 
Fig. 1.1 – Furnace schematics



Fig. 1.2 – Vessel steel specimen

Fig. 1.3 and Table 1.1 show the locations of K-type thermocouple junctions embedded into the specimen. Those located 10 mm from the specimen axis are placed into the 1.5 mm-diameter boreholes, and those at the 29 mm distance from the center – into the 1.5 mm-wide grooves.


Fig. 1.3 – Locations of hot thermocouple junctions

Table 1.1 – Location coordinates of the hot thermocouple junctions in the specimen
	N
	αº
(azimuth angle)
	r, mm
(distance from the specimen axis to the hot junctions)
	h, mm (distance from the melt-facing top to the hot junction)

	Тс-01
	0
	10
	1

	Тс-02
	315
	10
	1

	Тс-03
	135
	10
	8

	Тс-04
	45
	10
	4

	Тс-05
	270
	10
	6

	Тс-06
	90
	10
	2

	Тс-07
	225
	10
	20

	Тс-08
	180
	29
	1

	Тс-09
	90
	29
	2

	Тс-10
	45
	29
	4

	Тс-11
	315
	29
	8

	Тс-12
	225
	29
	20

	USS
	45
	7.5
	104



To exclude the electromagnetic specimen heating the crucible sections located in the lower part of the furnace top were welded together. By this they produced an electromagnetic screen (18). Specimen was placed into the crucible so that its top was 1 mm below the top of welded sections. The gap between the specimen and crucible sections was filled with the ZrO2 powder (10) and grains of molten stabilized ZrO2 (9). An additional screening of the specimen from the induction heating and the regulation of the bottom crust thickness was provided by the water-cooled movable screen (3). The melt surface was monitored through the water-cooled and argon-sparged pyrometer shaft (1).
An acoustic defect (8) was made in the specimen for measuring the vessel steel corrosion by the method of ultra-sonic echo sounding (USS). The same ultrasonic transducer (15) was used, as in the MC series. 
Argon in - gas out system was assembled to secure the neutral atmosphere and measure the aerosol release (Fig. 1.4). Argon was supplied from tank (1). Argon flow-rate through the furnace was provided by vacuum pump (5). Silica gel column (2) was installed at the furnace entrance to remove moisture from argon, the gas release was managed using the Bronhost flow-rate meter (3). Aerosols were removed from gases by cyclone (4) and large-area filters (5), which were alternatively connected. Motorola pressure gauges P1, 2, 3 and L-type thermocouples controlled the gas flow parameters (pressure, temperature). Electrochemical oxygen sensor OXYC (7) measured the oxygen content in the furnace off gases.

1 –Ar tank; 2 –silica gel dehumidifier; 3 – flow-rate meter; 4 – cyclone; 5 – Petrianov filter (MAF); 6 – AFA filter; 7 – electrochemical oxygen sensor; 8 – hydrolock; 9, 10 –vacuum pump;
Fig. 1.4 – Schematics of gas-aerosol system

[bookmark: _Toc299101455]Materials
The following materials were used in the test: European reactor vessel steel 20MNMONI 5-5 (Fig. 1.5), which was kindly given to us by our collaborators from AREVA NP GmbH, uranium oxide, zirconium dioxide, metallic zirconium. All metal oxides and metals were analyzed for the content of the main material. Additionally to that the thermogravimetry method was applied to the uranium oxide powder in order to determine the oxygen/uranium ratio, which was 2.35, and for milled pieces UO2 – 2.0. Table 1.2 shows the corium charge composition.


Fig. 1.5 – Initial steel specimen

Table 1.2 – Corium charge composition
	Component
	Content of the main material, %
	Admixtures, mass %
	Note

	UO2
grains,
 <5-8 mm size
	>99.0
	Fe<0.03; As<0.0003; CuO<0.01; phosphates<0.002; chlorides<0.003.
	Passport data, thermogravimetry

	ZrO2
	(ZrO2+ HfO2)
> 99.4
	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

	Zr
	Zr>99.0
	Nb < 0.1
	XRF

	20MNMONI 5-5
	96.0197.34
	Al-0.010.04; C-0.150.25; Si-0.10.35; Mn-1.151.55; Cr-0.2; Ni-0.450.85; Mo-0.40.55; V-0.02; P-0.012; S-0.012; Cu-0.12; Sn-0.011; As-0.025
	XRF



Table 1.3 gives the mass of substances charged into the crucible before melting.
Table 1.3 – Charge composition and mass
	Function
	Component
	Fraction, µm
	Mass,
g
	Mass.%

	Crust simulant
	Corium C-32.0

	< 50
	150
	8.1

	Main charge
	Uranium dioxide, UO2
	< 500
	1295.4
	70.0

	
	Zirconium dioxide
	< 50
	157.42
	8.5

	
	Metallic zirconium, Zr
	Plates 
	247.18
	13.4

	Total
	1850.0
	100.0


The crucible was charged in the following way. A layer of crust simulant C-32 (m=150.0 g) with particle dispersivity < 50 µm, which was prepared in the dedicated pretest, was placed on the top of metallic specimen. Further metallic Zr was placed along the crucible axis, and covered with the UO2 and ZrO2 powder.
[bookmark: _Toc299101456]Experimental procedure
The startup heating and molten pool formation in argon took place at Zc=20mm, Ze=10mm, where Ze, Zc – distance from the inductor bottom to the electromagnetic screen and top edge of the welded sections, respectively (Fig. 1.1).
By 670 s temperature of the molten pool surface was 2370-2400С (Fig. 1.6). At 1870 s temperature of the specimen top was approx. 1300С (Fig. 1.7). The first specimen sample was taken, after that a crust was formed on the molten pool surface. At this the specimen top temperature, in accordance with thermocouple indications, decreased to 1200C. In order to increase the specimen top temperature at 2195 s the indictor voltage was stepped up, and at  2374 s the screen was moved by 5 mm (Zc=20 mm, Ze=15 mm). After that the crust temperature grew, to prevent its melting, at 2450 s inductor voltage was reduced (Fig. 1.8). To increase the specimen top temperature at 2570 s and at 2603 s the screen was shifted by 3 and 2 mm, respectively (Zc=20 mm, Ze=20 mm). After the screen shift the crust melted, and temperature of the molten pool was 2400С. After that attempts to form crust on the melt surface were stopped and, in accordance with experimental procedure, in the regime of specimen temperature stabilization the studies of vessel steel corrosion kinetics at its interaction with corium through crust in the argon atmosphere were conducted. Fig. 1.7 shows thermocouple readings during the experiment. At 13000 s the automatic switch-off of the HF heating took place, which was immediately restored.  Fig. 1.9 shows the dynamics of heat and electromagnetic fluxes into the crucible and heat flux into the calorimeter.
Further on, from 13000 till 44846 s, in accordance with experimental procedure, vessel steel corrosion kinetics studies were performed; they were based on the verified thermocouple indications, though some of them broke down during the specimen ablation.
At 12990, 26684 and 38290 s large area filters 1, 2, 3 were replaced, respectively.
At 44846 s the second melt sample was taken, and at 44922 s the HF heating was disconnected, and the melt was crystallized in the argon atmosphere.


Fig. 1.6 – Pyrometer readings and anode voltage dynamics



Fig. 1.7 – Specimen thermocouple readings, TC1-TC12, plate voltage, Ua and power removed from the calorimeter, Qcl2



Fig. 1.8 – History of plate current, Ia and voltage, Ua, inductor voltage, Uin and
  main current of generator tube, Iq


Fig. 1.9 – Heat and electromagnetic power removed from the crucible, Qccr, and power removed from the calorimeter, Qcl2
1.4 [bookmark: _Toc299101457]Ultrasonic measurements of specimen corrosion
To measure the corrosion dept, i.e. position of interaction front versus time, the same methodology of ultrasonic echo sounding was used, which previously was applied in the METCOR experiments. The specimen was probed by the periodic pulse signal having different reference frequencies. Between the pulses the ultrasonic transducer automatically switched to the receiving signal. The distance between reflecting surfaces (specimen top and acoustic defect) was:

, 		(1.1)
where s – speed of sound in the specimen;
t – period of time between emitted and reflected echo signals.
Speed of sound versus temperature was evaluated in the regimes of specimen heatup and cool down in absence of its corrosion.
Fig. 1.10 shows echo signals on the monitor – two groups of signals having a sinusoidal shape. The left group corresponds to the signal from defect, the right – from the specimen top. The main frequency of oscillations – own resonance frequency of ultrasonic transducer. The spectral composition of groups is different due to different shapes of reflecting surfaces.
In order to evaluate the period of time in each group one half-wave was chosen on the condition of their phase synchronism, and two characteristic points were fixed on each of the half-waves: one – at the cross with “zero” line, another – at the amplitude maximum. After that the change in time delay between the corresponding couples of points was analyzed (any of the couples). Taking into account the speed of sound at the current temperatures in the specimen the distance from defect to the specimen top was calculated, which decreased versus time due to the steel corrosion. The calculations were performed by the computer processing of incoming data. The sensitivity in determining the spatial position of the interaction front was 0,01 mm.

 (
Time, mcs
Amplitude, mV
)
1 – echo signal from defect; 2 – echo signal from the specimen top; «max» – position of synchronized half-wave  maxima; «0» – position of zero points of synchronized half-waves








Fig. 1.10 – Echogram of specimen at its interaction with molten corium

Fig. 1.11 shows the results of on-line measurements. The adequate accuracy of US measurements is confirmed by the fact that the corrosion depth measured with this method at the end of the test is close to the value directly measured on the axial section of the specimen (see profilogram in Fig. 2.13). This value is approximately 10 mm at the US sensor’s target spot (15 mm near the axis). The dotted line in fig. 1.11 shows corrosion during the incubation and initial periods, which was not quite reliably registered.
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Fig. 1.11 – Specimen corrosion depth

[bookmark: _Toc299101458]POSTTEST ANALYSIS
[bookmark: _Toc285542392][bookmark: _Toc299101459]2.1 Specimen temperature conditions
Similar to previously conducted experiments, in order to determine conditions, in which steel corrosion took place, and for the analysis of the test data, the specimen temperature conditions were calculated. The calculations were made in the stationary axi-symmetrical formulation using the ANSYS program. The following boundary conditions were set: 1) temperature on the internal surface of the top calorimeter (Fig. 1.1, 1.2), which, in accordance with estimates, was 100С (insignificant error in its evaluation practically does not influence the calculation), 2) temperature on the internal surface of the bottom calorimeter (20С) and 3) temperature on the outside surface of the periphery insulation layer 9, 10 (Fig. 1.1), which was accepted to be equal to the average crucible cooling water temperature. The 20MNMONI 5-5 steel thermal conductivity, from which the specimen was made, is given in Table 2.1.

 Table 2.1 – Thermal conductivity of  20MNMONI steel
	T,C
	20
	100
	200
	300
	400
	500
	600

	,W/(mК)
	44.3
	44.0
	42.9
	40.8
	38.4
	36.8
	33.9



 In the calculations heat flux into the specimen top and heat conductivity of side insulation were varied for a better agreement of calculated and measured temperature values in the thermocouple locations. The radial distribution of the induced heat flux at the specimen top end surface was set based on results from thermal and fluid dynamics modeling of melt heated by induction heating in cold crucible in MC6 and МС7 experiments (see report [3], Attachment 1, Fig. 2.3.1). 
Fig. 2.1 shows the axial temperature distribution in the top part of the specimen. The modeling accuracy can be checked against results of temperature measurements presented in Fig. 2.2 and measurements of heat transferred to calorimeter. Calculated and experimentally determined values of heat power from the specimen into the top calorimeter were, respectively, 1.82 and 2.0 kW, i.e. the divergence does not exceed 10%. 
The corrosion temperature pattern will be discussed in Section 4.

В – final position of corrosion boundary (see 2.2.5)
Fig. 2.1 – Temperature field in the specimen
                             T,ºС

                                                                                              h, m
Fig. 2.2 – Vertical temperature distribution in the specimen

[bookmark: _Toc299101460]2.2 Physicochemical analysis
[bookmark: _Toc285542393][bookmark: _Toc299101461]2.2.1 Ingot macrostructure
After МСР-5 during the furnace disassembly a layer of deposited aerosols was found on the crucible sections (Fig. 2.3). Fig. 2.4 shows the surface of oxidic ingot after the aerosol removal. It was not possible to extract corium ingot from the furnace without its separation from the specimen. For the adequacy of analyses the counter-position of oxidic ingot and steel specimen was determined (Fig. 2.5); and they were marked for correlated analysis. Figs 2.6, 2.7 show the surfaces of oxidic ingot, and Figs. 2.8, 2.9 show surfaces of the steel specimen.
Oxidic ingot and steel specimen were separately enclosed into the epoxy resin and used for preparing templates for the SEM/EDX analysis.


 (
Aerosol
s
)

Fig. 2.3 – Top view of the crucible at furnace disassembly


 (
Ingot surface
)


Fig. 2.4 – Surface of oxidic ingot, deposited aerosols removed





Fig. 2.5 – Oxidic ingot on the metallic specimen





Fig. 2.6 – Surface of oxidic ingot





Fig. 2.7 – Oxidic ingot surface facing the melt




Fig. 2.8 – Side view of the steel specimen after experiment


Fig. 2.9 – Top view of the steel specimen after experiment


[bookmark: _Toc285542394][bookmark: _Toc299101462]2.2.2 Material balance of the experiment
To make the material balance the initial charge components and molten products were collected and weighed with accuracy up to 0.1 g, after that they were analyzed for the content of the main components. Table 2.2 gives the MCР-5 material balance.
Table 2.2 –МСР-5 material balance
	Introduced into the melt, g
	Collected after the experiment, g

	Zr
	247.04
	Ingot
	1755.43

	UO2
	1295.40
	Unreacted charge (spillages)
	25.30

	ZrO2
	157.42
	ZrO2 and fianite
	75.97

	Corium from Pr1-MCP1
	150.00
	Melts samples
	36.58

	ZrO2 and fianite
	85.86
	Aerosols
	65.75

	
	1935.72
	
	1959.03

	Imbalance
	+23.31 



Table 2.3 gives the mass of aerosols collected during and after the experiment on different components of the furnace (Fig. 1.1) and gas-aerosol system (Fig. 1.4).

Table 2.3 – Aerosols collected after the experiments
	Position
	Mass, g

	Aerosols from cyclone
	7.23

	Aerosols from the quartz tube
	6.21

	Aerosols from transport line (pipes and valve)
	4.04

	Aerosols from crucible sections
	23.95

	Aerosols from LAF-1
	3.26

	Aerosols from LAF-2
	8.48

	Aerosols from LAF-3
	8.43

	Aerosols from LAF-4
	4.15

	Total
	65.75



The 150 g corium ingot, which was used in the charge to simulate crust on the steel specimen (Table 2.2) was produced in the pretest Pr1-MPC1. The ingot was ground to the particle size of 100-200 µm. The average sample produced by quartering was additionally crushed to the particle size <50 µm, after that it was analyzed by different methods (XRF and ChA). All samples for analysis were prepared in the argon atmosphere. The chemical analysis of the average corium sample from pretest Pr1-MCP1 is presented in Table 2.4.

Table 2.4 – Analysis of the Pr1-MCР1 average sample
	Test
	Method of analysis

	
	XRF
	Chemical analysis

	
	Composition, % mass

	Pr1-MCР1
	U
	67.6
	U
	68.0

	
	Zr
	21.5
	Zr
	21.5

	
	Admixtures and О1)
	10.9
	Admixtures and О1)
	10.5


1) – Admixtures and oxygen from the residue

Volumetric method [4, 5] was used to determine the content of free zirconium in the average sample. It was 15.1 mass%, which corresponds to the C-29.8 corium.

[bookmark: _Toc63489773][bookmark: _Toc171753439][bookmark: _Toc285542395][bookmark: _Toc299101463]2.2.3 X-ray fluorescence analysis of the witness sample and molten products
A check test piece of European vessel steel 20MNMONI 5-5 shaped as a 15 mm-diameter disk was cut on a lathe from a work piece that was later used for preparation of a test sample as such.
The elemental analysis of witness sample and molten products was made by the X-ray fluorescence analysis using vacuum spectrometer Spectroscan MAKS-GV. To determine the content of elements in the molten products both the regression analysis and fundamental parameters methods were used.
Regression analysis is one of the quantitative XRF methods, which uses the SPECTR-QUANT software. It includes calculations of element concentrations by the method of multiple regression using measured intensities of their characteristic X-ray lines. Graduation equation coefficients calculated at the X-ray spectrometer graduation are taken into account. This method of analysis also takes into consideration the drift of instrumental characteristics versus the reference sample and applies different methods of taking the background into account (using the points, incongruent dissipation lines, blank sample). In the regression analysis the error of U and Zr concentrations measured did not exceed 5 rel.%.
MFP, the method of fundamental parameters, is the program of qualitative and quantitative XRF (with and without reference sample) based on using theoretical correlations describing physical processes of X-Ray fluorescence excitation in the specimen, followed by the registration of radiation by spectrometer. The program is adjusted to a specific spectrometer using high-quality graduation specimens, which correspond to the whole operation range of the spectrometer (all crystals and wavelengths). MFP gives a possibility to calculate concentrations of practically any set of determined elements in the studied sample without graduation specimens. The relative errors of quantitative reference-free analysis depend on the contents of determined elements; they are: 
- in the range from 0.1 to 1.0 % mass about 20 % rel.,
- in the range from 1.0 to 5.0 % mass 3 – 5 % rel.,
- in the range from 5 to 10 % mass 1 – 3 % rel.,
- above 30 % mass 0.5 – 2 % rel.
If the reference specimen is available, the accuracy of quantitative analysis by MFP is not lower than the regression analysis.
Table 2.5 gives the XRF data of the witness specimen.

Table 2.5 – Composition of the vessel steel witness sample determined by XRF
	Steel
	Content of chemical elements, % mass

	
	Al
	С
	Si
	Mn
	Cr
	Ni
	Mo
	V
	P
	S
	Cu
	Sn
	As

	20MNMONI 5-5
	0.01-0.04
	0.15-0.25
	0.10-0.35
	1.15-1.55
	0.20
	0.45-0.85
	0.40-0.55
	0.020
	0.012
	0.012
	0.12
	0.011
	0.025



On the МСР-5 completion one of the corium ingot halves with a steel specimen was cleaned from resin, ground to the 100-200 µm particle size, quartered and milled additionally to the particle size of < 50 µm and subjected to analysis. All samples of molten products were prepared in a similar way. All manipulations with samples for analysis were carried out in the argon atmosphere. 
The steel specimen surface had a crust (m=76.06 g) and another layer separated from the specimen (m=128.80 g). Both parts were analyzed. In Table 2.6 they are given as: 1- interaction zone (crust from the steel specimen surface) and 2- interaction zone (metallic layer).
Table 2.6 gives the MCP-5 elemental material balance calculated using the XRF data.


[bookmark: _Toc299101464]2.2.4 Chemical analysis 

All samples were prepared for chemical analysis using the methodology similar to the one described in Section 2.2.3, in the inert atmosphere.
In preparing specimens for analysis the samples of 0.1-0.5 g mass taken from the ingot and other molten products were fused with (3.0±0.5) g of potassium pyrosulfate at 900±25ºС until a transparent substance was produced. Following this the molten product was dissolved at heating in the 200-250 ml of 1M of sulfuric acid solution. Following this the total zirconium was determined by the photocolorimetry as Zr4+ with xylenol orange, U - with arsenazo III reagent, and Fe - with orthophenanethroline. Zrfree was determined by the volumetric method.
The method of determining total zirconium is based on the formation of colored complex zirconium compound (IV) with xylenol orange in the sulfuric acid solution with a molar concentration of equivalent 0.3 – 0.4 mol/dm3 [6-8]. Zr evaluation is not complicated by the presence of Мо, W, U, Zn and Ti, Pb, Ni, Cu, Th and Ta (>100 µg) in large quantities [5, 6]. 
The methodology of determining U with arsenazo III reagent is used for determining U micro-quantities in the specimens without U separation. The method sensitivity is 0.04 µg/ml [9, 10].
Fe content was determined by the photocolorometry with orthophenanthroline, which is used for evaluating iron oxide content in the uranium-bearing corium samples without U separation [11]. The range of measured iron concentrations is 0.4-400 mg/dm3. The total error of the method does not exceed ±3% rel. on the condition that the measured optical densities are within the 0.2-0.6 range. The method is based on the reaction of orthophenanthroline with ions of ferrous iron in the рН 3-9 region to form a complex orange-red compound. The coloring develops fast at рН 3.0-3.5 in presence of phenanthroline in excess, and it is stable during several days. The mass concentration of total iron is determined by reducing the ferric iron to the ferrous iron by hydroxylmine in the acid atmosphere, and a direct measurement of ferrous iron is performed. The ferric iron is evaluated by calculations from the difference between the content of iron (II) and total iron [12, 13].
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Table 2.6 – Elemental material balance of MCP-5 calculated from XRF data
	Item
	Content of chemical elements, % mass
	Mass, g
	Mass, g

	
	U
	Zr
	Fe
	Cr
	Ni
	Mn
	Mo
	O2)
	
	U
	Zr
	Fe
	Cr
	Ni
	Mn
	Mo
	O

	Sample No.1
	64.93
	23.34
	0.13
	0.03
	0.05
	0.02
	-
	11.5
	18.53
	12.03
	4.32
	0.02
	0.01
	0.01
	0.00
	-
	2.13

	Sample No.2
	65.1
	20.92
	0.87
	0.02
	0.02
	0.02
	-
	13.05
	18.05
	11.75
	3.78
	0.16
	0.00
	0.00
	0.00
	-
	2.36

	Aerosols from quartz tube
	29.32
	1.55
	62.63
	0.18
	0.33
	1.2
	-
	4.79
	6.21
	1.82
	0.10
	3.89
	0.01
	0.02
	0.07
	-
	0.30

	Aerosols from crucible sections
	33.4
	4.03
	53.18
	0.16
	0.25
	1.95
	-
	7.03
	23.95
	8.00
	0.97
	12.74
	0.04
	0.06
	0.47
	-
	1.68

	Aerosols from cyclone1)
	28.51
	0.94
	63.79
	0.19
	0.52
	1.19
	-
	4.86
	11.27
	3.21
	0.11
	7.19
	0.02
	0.06
	0.13
	-
	0.55

	Aerosols from LAF-1
	63.8
	1.73
	13.86
	0.5
	0.13
	0.44
	-
	19.54
	3.26
	2.08
	0.06
	0.45
	0.02
	0.00
	0.01
	-
	0.64

	Aerosols from LAF-2
	26.77
	0.65
	67.69
	0.53
	0.17
	0.89
	-
	3.3
	8.48
	2.27
	0.06
	5.74
	0.04
	0.01
	0.08
	-
	0.28

	Aerosols from LAF-3
	18.72
	0.46
	76.97
	0.1
	0.31
	0.77
	-
	2.67
	8.43
	1.58
	0.04
	6.49
	0.01
	0.03
	0.06
	-
	0.23

	Aerosols from LAF-4
	18.33
	0.47
	77.37
	0.09
	0.44
	0.67
	-
	2.6
	4.15
	0.76
	0.02
	3.21
	0.00
	0.02
	0.03
	-
	0.11

	Spillages
	46.75
	24.96
	3.3
	0.04
	0.05
	0.24
	-
	25.02
	25.3
	11.83
	6.31
	0.83
	0.01
	0.01
	0.06
	-
	6.33

	Ingot
	64.83
	21.54
	1.3
	0.03
	0.05
	0.04
	-
	12.21
	1679.37
	1088.74
	361.74
	21.83
	0.50
	0.84
	0.67
	-
	205.05

	Interaction zone (crust from the steel specimen surface)
	45.05
	15.94
	37.43
	0.08
	0.36
	0.63
	0.42
	-
	76.06
	34.27
	12.12
	28.47
	0.06
	0.27
	0.48
	0.32
	0.00

	Interaction zone (metallic layer)
	40.07
	16.27
	41.93
	0.1
	0.41
	0.7
	0.52
	-
	128.8
	51.61
	20.96
	54.01
	0.13
	0.53
	0.90
	0.67
	0.00

	Collected, g
	1229.94
	410.57
	145.03
	0.86
	1.87
	2.98
	0.99
	219.65

	Introduced, g
	1242.38
	403.40
	-
	-
	-
	-
	-
	213.97

	Imbalance, g
	-12.44
	+7.17
	+145.03
	+0.86
	+1.87
	+2.98
	+0.99
	+5.68


1) – the aerosol mass collected from the transport line (pipes and valve) was added to the aerosol mass from cyclone. They were not analyzed separately due to the difficulty of their collection in pipes.
2) – from the residue.

Free zirconium content was determined following the methodology [4, 5] by colorimetry method based on the dissolution of free zirconium in phosphoric acid to form two moles of hydrogen for each gram-atom of zirconium.
Table 2.7 gives the chemical analysis data of molten products.

Table 2.7 – Chemical analysis of molten products
	Item
	Content of chemical elements, % mass

	
	Fe0
	Fe2+
	Fe3+
	∑ Fe
	U4+
	U6+
	∑ U
	∑ Zr

	Sample No.1
	0.45
	0
	0
	0.45
	66.57
	0.94
	67.51
	23.58

	Sample No.2
	0
	0
	0
	0
	61.88
	2.54
	69.58
	24.95

	Aerosols from quartz tube
	31.14
	28.41
	0
	59.55
	not determ.
	not determ.
	25.77
	9.67

	Aerosols from crucible sections
	30.52
	8.02
	0
	38.54
	not determ.
	not determ.
	36.00
	6.41

	Aerosols from LAF-1
	2.12
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.

	Aerosols from LAF-2
	31.5
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.

	Aerosols from LAF-3
	41.68
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.

	Aerosols from LAF-4
	43.78
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.
	not determ.

	Spillages
	not determ.
	3.89
	0
	3.89
	51.37
	8.19
	59.56
	21.05

	Ingot
	1.90
	0
	0
	1.90
	63.47
	0.58
	64.05
	23.78



An error in determining U content by photocolorimetery was not more than 5 rel.%, for Zr and Fe it was 3 rel.%.
Table 2.8 gives the comparison of molten products data produced by different methods of chemical analysis and XRF.

Table 2.8 – Comparison of data for molten products produced by chemical analysis and XRF
	Method
	Chemical analysis
	XRF

	Item
	U, mass%
	Zr, mass%
	Fe, mass%
	U, mass%
	Zr, mass%
	Fe, mass%

	Sample No.1
	67.04
	23.58
	0.45
	64.93
	23.34
	0.13

	Sample No.2
	69.58
	24.95
	not determ.
	65.1
	20.92
	0.87

	Aerosols from quartz tube
	25.77
	9.67
	59.55
	29.32
	1.55
	62.63

	Aerosols from crucible sections
	36.00
	6.41
	38.54
	33.4
	4.03
	53.18

	Spillages
	59.56
	21.05
	3.89
	46.75
	24.96
	3.30

	Ingot
	64.05
	23.78
	1.90
	64.83
	21.54
	1.30



In Table 2.8 it can be seen that the data of main components in molten products provided by XRF and chemical analysis are quite close.
Physicochemical analysis by XRF and ChA has shown that similar to the Russian vessel steel during the interaction of suboxidized corium and steel a part of steel components partitions into the corium melt and is replaced by the corium components from the interaction zone (Tables 2.6, 2.7).

[bookmark: _Toc285542397][bookmark: _Toc299101465]2.2.5 Determination of corrosion boundary
The initial size of the specimen (Fig. 2.10) was measured by a caliper having a 0.02 mm (20 m) graduation marks using a stereoscopic microscope MBS-9 (14 m graduation mark, 50-fold magnification). The specimen dimensions are shown in Table 2.9 as measured from the top end: А – to the first groove in the side surface, В – to the axis of the reference hole and D – reference hole diameter. The specimen length, L, is 103.95 mm. The mentioned dimensions were used to determine the corrosion depth in the steel specimen.   

Fig. 2.10 – Steel specimen before the experiment 

Table 2.9 – Steel specimen dimensions (mm)
	А1
	А2
	А3
	А4
	В1
	В2
	D1
	D2

	3.0
	3.0
	3.0
	3.0
	8.95
	8.95
	2.10
	2.05


After the experiment templates were made from the axial section of the oxidic corium part and steel specimen. The steel specimen template was used for measuring the maximum ablation depth of the steel specimen top.
Fig. 2.11 and 2.12 show the polished section of the steel specimen axial section after the experiment and the polished section top with marked locations (a –d) having visibly different structure.


Fig. 2.11 – Polished section of the specimen axial section

Fig. 2.12 - Polished section of the specimen axial section near the top with locations (a –d) having different structure


1 Initial position of the steel specimen plane surface;
2 Crack surface formed after splitting of corium ingot from the specimen;
3 Final position of the corrosion front;
4    Boundary of temperature effect on the steel macrostructure;
a – d – areas with different structure 
Fig. 2.13 – Profilogram of the interaction zone in the plane of steel specimen axial section  
Fig. 2.13 shows the steel specimen ablation zone in the digitally processed polished macrosection image. Line 3 corresponds to the profilogram of the final IZ boundary of the specimen. Fig. 2.13 gives the following dimensions: Х axis – specimen width (diameter), У axis – top to bottom – dimensions from the conventional plane of the initial top (line 1).
Measurements of the axial section were made using the stereoscopic microscope MBS-9 at the 50th and 100th magnifications. The measurement error is not more than 10 m (determined using the stage micrometer). Position of the initial top plane was determined using grooves made in the side specimen surface at 3.0; 7.0 and 25.0 mm from the top.
In accordance with measurements the maximum specimen ablation depth was 10.8 mm (11.8 mm taking into account the zone with changed steel macrostructure in section а). The zone of corium temperature influence on steel macrostructure goes to the depth up to 31.1 mm along the specimen axis in its central part. 

[bookmark: _Toc285542398][bookmark: _Toc299101466]SEM/EDX ANALYSIS
The macrostructure and elemental composition of crystallized corium, the interaction zone studies and the elemental composition of МСP-5 steel specimen were made using four templates (Fig. 3.1).



Fig. 3.1 - MCP-5 polished sections with locations marked for SEM/EDX studies: а) metallic specimen – interaction zone; b) interaction zone – oxidic ingot;
с) oxidic ingot (central part); d) oxidic ingot (top part)
Two polished sections were prepared for the SEM/EDX studies of the interaction zone. One polished section is a half of the axial section of steel specimen with the IZ (Fig. 3.1, а), second polished section – the IZ top part with the crust adjacent to the top boundary (Fig. 3.1, b). In the studies the conducting coating was not sputtered on polished section а (to ensure the authentic carbon analysis).







Fig. 3.2 - Microphotographs of region 1



Table 3.1 - EDX data of region 1

	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	43.8
	4.7
	39.3
	0.6
	6.0
	5.8
	-

	
	mol.%
	10.2
	2.8
	38.9
	0.6
	27.6
	20.0
	

	
	mol.% MeOx
	19.4
	5.4
	74.2
	1.1
	
	

	SQ2
	mass%
	39.7
	5.9
	39.0
	0.5
	8.2
	6.8
	-

	
	mol.%
	8.2
	3.1
	34.1
	0.4
	33.3
	20.9
	

	
	mol.% MeOx
	17.8
	6.8
	74.4
	1.0
	
	

	SQ3
	mass%
	40.7
	5.9
	35.7
	0.3
	9.7
	7.7
	-

	
	mol.%
	7.9
	3.0
	29.5
	0.3
	37.2
	22.1
	

	
	mol.% MeOx
	19.4
	7.4
	72.6
	0.7
	
	

	SQ4
	mass%
	34.4
	1.9
	53.1
	0.9
	5.6
	4.3
	-

	
	mol.%
	7.8
	1.1
	51.1
	0.8
	24.9
	14.4
	

	
	mol.% MeOx
	12.8
	1.8
	84.1
	1.4
	
	

	SQ5
	mass%
	-
	-
	93.1
	1.8
	4.0
	1.1
	steel

	
	mol.%
	-
	-
	79.5
	1.6
	15.7
	3.3
	

	
	mol.% MeOx
	-
	-
	98.1
	2.0
	
	

	SQ6
	mass%
	36.6
	0.8
	53.3
	0.8
	4.7
	3.9
	eutectic

	
	mol.%
	8.7
	0.5
	54.1
	0.9
	22.2
	13.7
	

	
	mol.% MeOx
	13.6
	0.8
	84.3
	1.3
	
	

	P1
	mass%
	54.1
	1.1
	34.0
	0.5
	4.3
	6.0
	U(Zr)Fe3

	
	mol.%
	14.3
	0.8
	38.3
	0.6
	22.5
	23.6
	

	
	mol.% MeOx
	26.5
	1.5
	71.0
	1.0
	
	

	P2
	mass%
	54.7
	1.1
	33.4
	0.4
	4.4
	6.1
	

	
	mol.%
	14.4
	0.7
	37.5
	0.4
	22.9
	24.0
	

	
	mol.% MeOx
	27.1
	1.4
	70.7
	0.8
	
	

	P3
	mass%
	41.7
	10.4
	38.4
	0.6
	4.5
	4.5
	(U,Zr)Fe3

	
	mol.%
	10.7
	6.9
	41.9
	0.7
	23.0
	16.9
	

	
	mol.% MeOx
	17.7
	11.5
	69.7
	1.1
	
	

	P4
	mass%
	40.2
	11.4
	38.8
	0.4
	4.9
	4.2
	

	
	mol.%
	10.1
	7.5
	41.7
	0.5
	24.5
	15.6
	

	
	mol.% MeOx
	17.0
	12.6
	69.7
	0.8
	
	

	P5
	mass%
	34.3
	8.4
	45.9
	0.9
	6.0
	4.5
	eutectic

	
	mol.%
	7.8
	4.9
	44.3
	0.9
	26.9
	15.3
	

	
	mol.% MeOx
	13.4
	8.5
	76.5
	1.5
	
	

	P6
	mass%
	38.8
	-
	51.1
	1.0
	5.2
	4.0
	

	
	mol.%
	9.2
	-
	51.6
	1.1
	24.2
	14.0
	

	
	mol.% MeOx
	14.9
	-
	83.4
	1.7
	
	

	P7
	mass%
	38.0
	3.0
	48.3
	0.9
	5.1
	4.6
	

	
	mol.%
	8.9
	1.8
	48.4
	1.0
	23.9
	16.0
	

	
	mol.% MeOx
	14.8
	3.1
	80.5
	1.6
	
	

	P8
	mass%
	39.7
	0.2
	50.2
	0.9
	4.9
	4.1
	

	
	mol.%
	9.5
	0.1
	51.4
	0.9
	23.5
	14.5
	

	
	mol.% MeOx
	15.4
	0.2
	82.9
	1.5
	
	

	P9
	mass%
	36.7
	0.9
	52.7
	0.9
	5.2
	3.7
	

	
	mol.%
	8.6
	0.6
	52.9
	1.0
	24.1
	12.8
	

	
	mol.% MeOx
	13.7
	0.9
	83.9
	1.5
	
	

	P10
	mass%
	44.1
	7.6
	38.8
	0.5
	4.6
	4.5
	U(Zr)Fe3

	
	mol.%
	11.3
	5.1
	42.5
	0.5
	23.4
	17.1
	

	
	mol.% MeOx
	19.1
	8.6
	71.5
	0.9
	
	

	SQ7
	mass%
	35.4
	2.3
	51.9
	0.8
	5.2
	4.5
	eutectic

	
	mol.%
	8.1
	1.4
	50.8
	0.8
	23.4
	15.5
	

	
	mol.% MeOx
	13.3
	2.2
	83.1
	1.3
	
	

	P11
	mass%
	39.9
	0.4
	49.3
	0.7
	5.0
	4.6
	

	
	mol.%
	9.5
	0.2
	49.8
	0.8
	23.4
	16.3
	

	
	mol.% MeOx
	15.7
	0.4
	82.6
	1.3
	
	

	P12
	mass%
	32.0
	2.4
	56.6
	1.0
	4.9
	3.1
	

	
	mol.%
	7.5
	1.5
	56.6
	1.0
	22.7
	10.7
	

	
	mol.% MeOx
	11.3
	2.2
	85.0
	1.5
	
	

	P13
	mass%
	34.0
	2.2
	54.2
	0.8
	5.1
	3.7
	

	
	mol.%
	7.9
	1.3
	53.8
	0.8
	23.6
	12.6
	

	
	mol.% MeOx
	12.4
	2.1
	84.2
	1.3
	
	

	P14
	mass%
	44.2
	8.3
	38.2
	0.3
	4.6
	4.4
	U(Zr)Fe3

	
	mol.%
	11.5
	5.6
	42.2
	0.4
	23.5
	16.9
	

	
	mol.% MeOx
	19.2
	9.4
	70.8
	0.6
	
	

	P15
	mass%
	52.9
	1.1
	34.7
	0.4
	4.2
	6.8
	

	
	mol.%
	13.6
	0.8
	38.0
	0.5
	21.3
	25.9
	

	
	mol.% MeOx
	25.8
	1.4
	71.9
	0.9
	
	

	P16
	mass%
	0.5
	81.9
	0.8
	0.2
	13.8
	3.0
	ZrC

	
	mol.%
	0.1
	40.0
	0.6
	0.2
	51.0
	8.2
	

	
	mol.% MeOx
	0.2
	98.0
	1.5
	0.4
	
	

	P17
	mass%
	0.9
	0.4
	91.9
	2.0
	3.8
	1.1
	steel

	
	mol.%
	0.2
	0.2
	79.4
	1.7
	15.3
	3.2
	

	
	mol.% MeOx
	0.2
	0.2
	97.4
	2.1
	
	

	P18
	mass%
	37.1
	0.1
	52.9
	1.1
	4.5
	4.4
	eutectic

	
	mol.%
	8.8
	0.1
	53.5
	1.1
	21.2
	15.3
	

	
	mol.% MeOx
	13.9
	0.1
	84.3
	1.7
	
	

	P19
	mass%
	54.7
	0.9
	32.7
	0.4
	4.6
	6.8
	U(Zr)Fe3

	
	mol.%
	14.1
	0.6
	35.7
	0.4
	23.4
	25.9
	

	
	mol.% MeOx
	27.7
	1.1
	70.4
	0.8
	
	

	P20
	mass%
	36.0
	0.6
	53.4
	1.0
	5.1
	3.9
	eutectic

	
	mol.%
	8.4
	0.4
	53.1
	1.0
	23.8
	13.4
	

	
	mol.% MeOx
	13.4
	0.6
	84.4
	1.6
	
	

	P21
	mass%
	1.2
	0.3
	90.2
	2.2
	4.6
	1.5
	steel

	
	mol.%
	0.2
	0.2
	75.4
	1.9
	17.8
	4.5
	

	
	mol.% MeOx
	0.3
	0.2
	97.1
	2.4
	
	








Fig. 3.3 - Microphotographs of regions 2 and 3

Table 3.2 - EDX data of region 3

	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	35.4
	1.6
	52.6
	0.8
	5.2
	4.3
	-

	
	mol.%
	8.2
	1.0
	51.6
	0.8
	23.6
	14.8
	

	
	mol.% MeOx
	13.2
	1.6
	83.8
	1.4
	
	

	SQ2
	mass%
	38.8
	3.4
	47.4
	0.8
	4.9
	4.7
	-

	
	mol.%
	9.2
	2.1
	48.2
	0.8
	22.9
	16.8
	

	
	mol.% MeOx
	15.3
	3.5
	79.8
	1.4
	
	

	SQ3
	mass%
	39.0
	4.2
	45.6
	0.7
	5.2
	5.3
	-

	
	mol.%
	9.1
	2.6
	45.3
	0.7
	23.8
	18.4
	

	
	mol.% MeOx
	15.8
	4.4
	78.5
	1.3
	
	

	SQ4
	mass%
	38.8
	4.8
	45.3
	0.7
	5.4
	5.0
	-

	
	mol.%
	9.1
	2.9
	45.2
	0.7
	24.8
	17.3
	

	
	mol.% MeOx
	15.7
	5.0
	78.0
	1.3
	
	

	SQ5
	mass%
	36.7
	4.6
	47.8
	0.6
	5.4
	4.8
	-

	
	mol.%
	8.5
	2.7
	46.9
	0.6
	24.7
	16.6
	

	
	mol.% MeOx
	14.4
	4.7
	79.9
	1.1
	
	

	SQ6
	mass%
	39.7
	2.6
	46.4
	0.7
	5.6
	4.9
	-

	
	mol.%
	9.2
	1.6
	45.7
	0.7
	25.8
	17.0
	

	
	mol.% MeOx
	16.1
	2.8
	79.9
	1.3
	
	

	SQ7
	mass%
	37.4
	3.2
	48.2
	0.8
	5.5
	5.0
	-

	
	mol.%
	8.6
	1.9
	47.0
	0.8
	24.9
	16.8
	

	
	mol.% MeOx
	14.7
	3.3
	80.7
	1.3
	
	

	SQ8
	mass%
	-
	-
	94.5
	1.8
	3.7
	-
	steel

	
	mol.%
	-
	-
	83.4
	1.6
	15.0
	-
	

	
	mol.% MeOx
	-
	-
	98.1
	1.9
	
	

	P1
	mass%
	-
	-
	94.2
	1.8
	4.0
	-
	

	
	mol.%
	-
	-
	82.3
	1.6
	16.1
	-
	

	
	mol.% MeOx
	-
	-
	98.1
	1.9
	
	

	P2
	mass%
	-
	-
	94.3
	1.8
	3.9
	-
	

	
	mol.%
	-
	-
	82.5
	1.6
	15.9
	-
	

	
	mol.% MeOx
	-
	-
	98.1
	1.9
	
	

	P3
	mass%
	73.9
	-
	7.8
	-
	12.1
	6.2
	U(Fe)C2

	
	mol.%
	16.8
	-
	7.5
	-
	54.7
	21.0
	

	
	mol.% MeOx
	69.1
	-
	30.9
	-
	
	

	P4
	mass%
	76.7
	-
	4.2
	-
	12.8
	6.3
	

	
	mol.%
	17.3
	-
	4.0
	-
	57.4
	21.3
	

	
	mol.% MeOx
	81.2
	-
	18.8
	-
	
	

	P5
	mass%
	-
	-
	92.7
	2.1
	4.0
	1.1
	steel

	
	mol.%
	-
	-
	78.9
	1.9
	15.9
	3.4
	

	
	mol.% MeOx
	-
	-
	97.7
	2.3
	
	

	P6
	mass%
	1.5
	81.1
	-
	-
	13.2
	4.3
	ZrC

	
	mol.%
	0.3
	39.3
	-
	-
	48.6
	11.9
	

	
	mol.% MeOx
	0.7
	99.3
	-
	-
	
	

	P7
	mass%
	41.3
	-
	45.9
	0.8
	7.8
	4.3
	eutectic

	
	mol.%
	9.0
	-
	42.6
	0.7
	33.8
	14.0
	

	
	mol.% MeOx
	17.2
	-
	81.5
	1.4
	
	

	P8
	mass%
	17.8
	-
	68.9
	1.2
	9.9
	2.2
	probably UC2

	
	mol.%
	3.3
	-
	53.7
	1.0
	36.1
	6.0
	

	
	mol.% MeOx
	5.6
	-
	92.7
	1.6
	
	

	P9
	mass%
	-
	-
	92.8
	1.7
	4.2
	1.2
	steel

	
	mol.%
	-
	-
	78.4
	1.5
	16.5
	3.7
	

	
	mol.% MeOx
	-
	-
	98.1
	1.9
	
	




Fig. 3.4 - Microphotographs of regions 4 and 5
Table 3.3 - EDX data of regions 4 and 5
	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	36.8
	0.6
	53.0
	0.9
	4.8
	3.9
	eutectic

	
	mol.%
	8.8
	0.4
	53.8
	1.0
	22.5
	13.6
	

	
	mol.% MeOx
	13.7
	0.6
	84.2
	1.5
	
	

	P1
	mass%
	43.6
	7.4
	39.0
	0.6
	4.4
	5.0
	
U(Zr)Fe3

	
	mol.%
	11.1
	4.9
	42.2
	0.7
	22.3
	18.7
	

	
	mol.% MeOx
	18.8
	8.4
	71.7
	1.1
	
	

	P2
	mass%
	36.2
	0.8
	54.3
	1.0
	4.3
	3.4
	eutectic

	
	mol.%
	8.8
	0.5
	56.4
	1.0
	21.0
	12.2
	

	
	mol.% MeOx
	13.2
	0.8
	84.4
	1.6
	
	

	P3
	mass%
	11.6
	62.7
	9.0
	-
	12.1
	4.7
	ZrC

	
	mol.%
	2.2
	31.3
	7.3
	-
	45.9
	13.3
	

	
	mol.% MeOx
	5.4
	76.7
	17.9
	-
	
	

	P4
	mass%
	20.8
	47.6
	16.6
	-
	10.1
	4.9
	

	
	mol.%
	4.3
	25.4
	14.4
	-
	41.0
	14.9
	

	
	mol.% MeOx
	9.7
	57.6
	32.7
	-
	
	

	P5
	mass%
	43.2
	8.7
	39.0
	-
	4.3
	4.7
	U(Zr)Fe3

	
	mol.%
	11.1
	5.9
	42.8
	-
	22.1
	18.1
	

	
	mol.% MeOx
	18.6
	9.8
	71.6
	-
	
	

	P6
	mass%
	42.7
	9.2
	38.7
	-
	4.8
	4.6
	

	
	mol.%
	10.8
	6.1
	41.6
	-
	24.2
	17.4
	

	
	mol.% MeOx
	18.4
	10.4
	71.2
	-
	
	



Fig. 3.5 - Microphotographs of regions 6–8
Table 3.4 - EDX data of regions 6–8
	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	34.8
	1.8
	53.3
	0.8
	5.2
	4.1
	eutectic

	
	mol.%
	8.0
	1.1
	52.3
	0.8
	23.8
	14.0
	

	
	mol.% MeOx
	12.9
	1.7
	84.1
	1.3
	
	

	SQ2
	mass%
	37.8
	11.4
	40.7
	0.6
	4.9
	4.6
	(U,Zr)Fe3

	
	mol.%
	9.2
	7.3
	42.4
	0.6
	23.7
	16.8
	

	
	mol.% MeOx
	15.5
	12.2
	71.2
	1.0
	
	

	SQ3
	mass%
	35.4
	2.1
	52.8
	0.8
	4.8
	4.2
	eutectic

	
	mol.%
	8.3
	1.3
	52.7
	0.8
	22.3
	14.6
	

	
	mol.% MeOx
	13.2
	2.0
	83.7
	1.2
	
	

	SQ4
	mass%
	32.6
	2.4
	54.3
	0.8
	5.5
	4.4
	eutectic
with steel dendrites

	
	mol.%
	7.3
	1.4
	51.7
	0.8
	24.3
	14.6
	

	
	mol.% MeOx
	11.9
	2.3
	84.5
	1.3
	
	

	P1
	mass%
	-
	-
	90.9
	2.3
	6.8
	-
	steel

	
	mol.%
	-
	-
	72.9
	1.9
	25.3
	-
	

	
	mol.% MeOx
	-
	-
	97.5
	2.5
	
	

	P2
	mass%
	-
	-
	92.8
	1.8
	4.1
	1.4
	

	
	mol.%
	-
	-
	78.3
	1.5
	16.2
	4.0
	

	
	mol.% MeOx
	-
	-
	98.1
	1.9
	
	




Fig.3.6 - Microphotographs of regions 9 and 10
Table 3.5 - EDX data of regions 9 and 10
	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	27.3
	20.5
	41.7
	0.6
	5.6
	4.4
	(Zr,U)Fe2.5

	
	mol.%
	6.3
	12.3
	40.7
	0.6
	25.3
	14.9
	

	
	mol.% MeOx
	10.5
	20.5
	68.1
	1.0
	
	

	SQ2
	mass%
	49.7
	3.8
	33.7
	0.5
	5.5
	7.0
	
-

	
	mol.%
	11.9
	2.4
	34.4
	0.5
	26.0
	24.9
	

	
	mol.% MeOx
	24.2
	4.8
	70.0
	1.0
	
	

	P1
	mass%
	-
	80.3
	-
	-
	13.7
	6.0
	ZrC

	
	mol.%
	-
	36.8
	-
	-
	47.6
	15.6
	

	
	mol.% MeOx
	-
	100.0
	-
	-
	
	

	P2
	mass%
	53.7
	2.2
	32.8
	-
	4.7
	6.6
	U(Zr)Fe3

	
	mol.%
	13.7
	1.5
	35.8
	-
	23.8
	25.2
	

	
	mol.% MeOx
	26.9
	2.9
	70.2
	-
	
	

	P3
	mass%
	54.8
	1.9
	31.6
	-
	4.9
	6.7
	

	
	mol.%
	14.0
	1.3
	34.4
	-
	24.9
	25.4
	

	
	mol.% MeOx
	28.2
	2.6
	69.3
	-
	
	

	P4
	mass%
	40.9
	11.9
	36.7
	-
	5.3
	5.2
	(U,Zr)Fe3

	
	mol.%
	10.0
	7.6
	38.1
	-
	25.4
	19.0
	

	
	mol.% MeOx
	17.9
	13.6
	68.5
	-
	
	

	P5
	mass%
	40.0
	9.7
	35.5
	-
	8.2
	6.7
	

	
	mol.%
	8.4
	5.3
	31.7
	-
	33.9
	20.8
	

	
	mol.% MeOx
	18.5
	11.7
	69.8
	-
	
	





Fig. 3.7 - Microphotographs of region 11


Table 3.6 - EDX data of region 11
	
	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	48.9
	4.4
	34.4
	0.4
	5.4
	6.6
	-

	
	mol.%
	11.8
	2.8
	35.4
	0.4
	25.8
	23.7
	

	
	mol.% MeOx
	23.5
	5.5
	70.2
	0.8
	
	






Fig. 3.8 - Microphotographs of regions 12-16
Table 3.7 - EDX data of region 13
	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	32.7
	15.9
	41.1
	0.6
	5.2
	4.5
	-

	
	mol.%
	7.7
	9.8
	41.4
	0.6
	24.6
	15.8
	

	
	mol.% MeOx
	13.0
	16.5
	69.5
	1.0
	
	

	P1
	mass%
	52.9
	1.6
	33.7
	0.4
	5.1
	6.3
	U(Zr)Fe3

	
	mol.%
	13.3
	1.0
	36.2
	0.4
	25.6
	23.5
	

	
	mol.% MeOx
	26.2
	2.0
	71.0
	0.8
	
	

	P2
	mass%
	31.8
	17.6
	41.1
	0.5
	4.9
	4.0
	(Zr,U)Fe3

	
	mol.%
	7.7
	11.1
	42.5
	0.6
	23.7
	14.4
	

	
	mol.% MeOx
	12.5
	18.0
	68.6
	0.9
	
	

	P3
	mass%
	38.0
	0.1
	51.6
	1.1
	5.1
	4.2
	eutectic

	
	mol.%
	8.9
	0.1
	51.5
	1.1
	23.8
	14.6
	

	
	mol.% MeOx
	14.5
	0.1
	83.7
	1.8
	
	




Fig. 3.9 - Microphotographs of region 17

Table 3.8 - EDX data of region 17

	No.
	U
	Zr
	Fe
	Mn
	C*
	O
	Phase

	SQ1
	mass%
	40.3
	10.7
	35.0
	0.3
	5.3
	8.3
	- 

	
	mol.%
	9.0
	6.3
	33.3
	0.3
	23.5
	27.7
	

	
	mol.% MeOx
	18.4
	12.8
	68.1
	0.7
	
	

	SQ2
	mass%
	41.1
	4.0
	37.0
	0.3
	8.6
	9.0
	-

	
	mol.%
	8.0
	2.0
	30.6
	0.3
	33.3
	25.9
	

	
	mol.% MeOx
	19.5
	4.9
	74.9
	0.6
	
	

	SQ3
	mass%
	26.8
	0.3
	39.8
	1.3
	6.6
	25.2
	Fe drop

	
	mol.%
	3.8
	0.1
	24.0
	0.8
	18.4
	53.0
	

	
	mol.% MeOx
	13.2
	0.4
	83.6
	2.8
	
	

	P1
	mass%
	55.9
	0.7
	35.9
	0.4
	1.7
	5.4
	U(Zr)Fe3

	
	mol.%
	17.1
	0.6
	46.9
	0.6
	10.0
	24.8
	

	
	mol.% MeOx
	26.3
	0.9
	72.0
	0.9
	
	

	P2
	mass%
	51.5
	3.4
	37.0
	0.5
	1.9
	5.7
	

	
	mol.%
	15.0
	2.6
	46.0
	0.6
	10.9
	24.9
	

	
	mol.% MeOx
	23.4
	4.0
	71.7
	0.9
	
	

	P3
	mass%
	56.2
	1.2
	36.2
	0.5
	1.4
	4.5
	

	
	mol.%
	18.1
	1.0
	49.6
	0.7
	8.9
	21.7
	

	
	mol.% MeOx
	26.1
	1.5
	71.5
	0.9
	
	

	P4
	mass%
	48.8
	2.0
	35.9
	0.6
	2.1
	10.6
	

	
	mol.%
	11.9
	1.3
	37.3
	0.6
	10.1
	38.7
	

	
	mol.% MeOx
	23.3
	2.4
	73.0
	1.3
	
	

	P5
	mass%
	24.8
	17.7
	47.3
	0.9
	5.3
	4.0
	(Zr,U)Fe3

	
	mol.%
	5.6
	10.5
	45.8
	0.9
	23.7
	13.5
	

	
	mol.% MeOx
	9.0
	16.7
	72.9
	1.4
	
	

	P6
	mass%
	28.3
	17.8
	46.4
	0.7
	3.5
	3.3
	

	
	mol.%
	7.2
	11.8
	50.2
	0.7
	17.8
	12.4
	

	
	mol.% MeOx
	10.3
	16.9
	71.8
	1.1
	
	

	P7
	mass%
	28.3
	16.9
	46.8
	0.7
	3.8
	3.6
	

	
	mol.%
	7.0
	10.9
	49.5
	0.8
	18.7
	13.1
	

	
	mol.% MeOx
	10.3
	16.0
	72.6
	1.1
	
	

	P8
	mass%
	28.4
	17.5
	46.1
	0.6
	3.8
	3.6
	

	
	mol.%
	7.0
	11.4
	48.8
	0.6
	18.8
	13.4
	

	
	mol.% MeOx
	10.4
	16.7
	72.0
	0.9
	
	

	P9
	mass%
	29.7
	1.1
	61.8
	2.1
	2.3
	3.0
	Fe
(with included U)

	
	mol.%
	7.5
	0.7
	66.6
	2.3
	11.6
	11.3
	

	
	mol.% MeOx
	9.8
	1.0
	86.4
	2.9
	
	

	P10
	mass%
	-
	72.5
	-
	-
	19.8
	7.7
	ZrC

	
	mol.%
	-
	27.2
	-
	-
	56.4
	16.4
	

	
	mol.% MeOx
	-
	100.0
	-
	-
	
	

	P11
	mass%
	-
	75.0
	-
	-
	18.6
	6.4
	

	
	mol.%
	-
	29.7
	-
	-
	55.9
	14.4
	

	
	mol.% MeOx
	-
	100.0
	-
	-
	
	


* - with correction for carbon coating.


Fig.3.10 - Microphotographs of region 18
Table 3.9 - EDX data of region 18
	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	33.0
	15.1
	40.6
	0.6
	4.1
	6.7
	-

	
	mol.%
	7.7
	9.2
	40.5
	0.6
	18.8
	23.2
	

	
	mol.% MeOx
	13.3
	15.8
	69.8
	1.1
	
	

	SQ2
	mass%
	35.3
	0.3
	54.8
	1.5
	1.5
	6.7
	Eutectic

	
	mol.%
	8.7
	0.2
	57.5
	1.6
	7.5
	24.5
	

	
	mol.% MeOx
	12.8
	0.2
	84.6
	2.4
	
	

	P1
	mass%
	55.3
	0.8
	36.7
	0.7
	1.1
	5.4
	U(Zr)Fe3

	
	mol.%
	17.4
	0.7
	49.2
	1.0
	6.7
	25.1
	

	
	mol.% MeOx
	25.5
	1.0
	72.1
	1.5
	
	

	P2
	mass%
	35.6
	1.7
	54.8
	1.6
	2.2
	4.1
	Eutectic

	
	mol.%
	9.2
	1.2
	60.7
	1.8
	11.4
	15.7
	

	
	mol.% MeOx
	12.7
	1.6
	83.3
	2.5
	
	

	P3
	mass%
	-
	73.5
	-
	-
	18.5
	8.0
	ZrC

	
	mol.%
	-
	28.3
	-
	-
	54.0
	17.7
	

	
	mol.% MeOx
	-
	100.0
	-
	-
	
	

	P4
	mass%
	0.7
	74.1
	1.9
	0.3
	16.9
	6.1
	

	
	mol.%
	0.1
	30.8
	1.3
	0.2
	53.2
	14.5
	

	
	mol.% MeOx
	0.3
	95.0
	4.0
	0.7
	
	

	P5
	mass%
	15.9
	29.1
	43.4
	1.4
	5.5
	4.7
	Mix of phases

	
	mol.%
	3.4
	16.5
	40.0
	1.3
	23.6
	15.2
	

	
	mol.% MeOx
	5.6
	26.9
	65.4
	2.1
	
	




Fig. 3.11 - Microphotographs of region 19
Table 3.10 - EDX data of region 19
	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	45.3
	8.8
	37.7
	0.8
	1.6
	5.8
	-

	
	mol.%
	13.0
	6.6
	46.0
	1.0
	8.9
	24.5
	

	
	mol.% MeOx
	19.5
	9.9
	69.2
	1.4
	
	

	SQ2
	mass%
	37.2
	24.2
	27.3
	0.4
	4.3
	6.6
	-

	
	mol.%
	9.3
	15.7
	29.0
	0.5
	21.1
	24.5
	

	
	mol.% MeOx
	17.0
	28.8
	53.3
	0.9
	
	

	SQ3
	mass%
	63.5
	3.6
	19.9
	0.2
	3.1
	9.8
	-

	
	mol.%
	17.4
	2.6
	23.2
	0.3
	16.6
	39.9
	

	
	mol.% MeOx
	40.1
	6.0
	53.4
	0.6
	
	

	SQ4
	mass%
	65.8
	3.1
	16.5
	0.2
	3.4
	11.0
	-

	
	mol.%
	17.4
	2.1
	18.6
	0.2
	18.1
	43.5
	

	
	mol.% MeOx
	45.4
	5.5
	48.5
	0.6
	
	

	P1
	mass%
	85.6
	1.8
	-
	-
	2.0
	10.6
	U(Zr)O2-x

	
	mol.%
	29.8
	1.6
	-
	-
	13.7
	54.9
	

	
	mol.% MeOx
	94.8
	5.2
	-
	-
	
	

	P2
	mass%
	55.4
	1.5
	37.1
	0.5
	0.5
	5.0
	U(Zr)Fe3

	
	mol.%
	18.2
	1.3
	51.8
	0.8
	3.4
	24.6
	

	
	mol.% MeOx
	25.2
	1.8
	71.9
	1.0
	
	

	P3
	mass%
	-
	76.9
	-
	-
	16.3
	6.8
	ZrC

	
	mol.%
	-
	32.1
	-
	-
	51.7
	16.2
	

	
	mol.% MeOx
	-
	100.0
	-
	-
	
	






Fig. 3.12 - Microphotographs of region 20


Table 3.11 - EDX data of region 20

	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	65.8
	3.1
	16.5
	0.2
	3.4
	11.0
	-

	
	mol.%
	17.4
	2.1
	18.6
	0.2
	18.1
	43.5
	

	
	mol.% MeOx
	45.4
	5.5
	48.5
	0.6
	
	

	P1
	mass%
	86.9
	1.0
	-
	-
	2.1
	10.0
	U(Zr)O2-x

	
	mol.%
	31.2
	1.0
	-
	-
	14.8
	53.1
	

	
	mol.% MeOx
	97.0
	3.0
	-
	-
	
	

	P2
	mass%
	86.1
	1.3
	-
	-
	2.1
	10.5
	

	
	mol.%
	30.0
	1.2
	-
	-
	14.3
	54.5
	

	
	mol.% MeOx
	96.3
	3.7
	-
	-
	
	

	P3
	mass%
	57.1
	0.9
	35.0
	0.4
	1.0
	5.6
	U(Zr)Fe3

	
	mol.%
	18.3
	0.7
	47.7
	0.6
	6.2
	26.5
	

	
	mol.% MeOx
	27.1
	1.1
	70.9
	0.9
	
	

	P4
	mass%
	58.7
	0.8
	33.6
	0.4
	1.1
	5.4
	

	
	mol.%
	19.1
	0.7
	46.7
	0.6
	6.9
	26.0
	

	
	mol.% MeOx
	28.5
	1.0
	69.6
	0.9
	
	

	P5
	mass%
	31.4
	17.1
	44.3
	0.8
	2.7
	3.8
	(Zr,U)Fe3

	
	mol.%
	8.3
	11.8
	49.9
	0.9
	14.2
	14.9
	

	
	mol.% MeOx
	11.7
	16.6
	70.4
	1.3
	
	

	P6
	mass%
	32.0
	17.2
	44.7
	0.7
	1.6
	3.8
	

	
	mol.%
	8.9
	12.5
	53.2
	0.9
	8.8
	15.8
	

	
	mol.% MeOx
	11.8
	16.6
	70.4
	1.2
	
	





Fig. 3.13 - Microphotographs of region 21

Table 3.12 - EDX data of region 21

	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	71.8
	5.2
	9.3
	0.2
	3.1
	10.4
	-

	
	mol.%
	21.0
	4.0
	11.6
	0.3
	18.1
	45.1
	

	
	mol.% MeOx
	57.0
	10.8
	31.5
	0.7
	
	

	P1
	mass%
	83.6
	0.5
	7.0
	0.1
	2.8
	6.2
	U3Fe

	
	mol.%
	31.9
	0.5
	11.4
	0.1
	20.9
	35.3
	

	
	mol.% MeOx
	72.9
	1.0
	25.9
	0.2
	
	

	P2
	mass%
	84.2
	1.8
	3.3
	0.2
	1.7
	8.8
	U(Zr)O2-x

	
	mol.%
	31.5
	1.8
	5.3
	0.4
	12.4
	48.7
	

	
	mol.% MeOx
	80.9
	4.6
	13.7
	0.9
	
	

	P3
	mass%
	16.4
	25.1
	46.6
	0.9
	6.3
	4.7
	Zr(U)Fe3

	
	mol.%
	3.4
	13.6
	41.3
	0.8
	26.2
	14.7
	

	
	mol.% MeOx
	5.8
	23.1
	69.9
	1.3
	
	








Fig. 3.14 - Microphotographs of regions 22 and 23




Table 3.13 - EDX data of regions 22 and 23


	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	42.8
	19.5
	23.1
	0.2
	6.1
	8.3
	-

	
	mol.%
	9.8
	11.7
	22.6
	0.2
	27.6
	28.2
	

	
	mol.% MeOx
	22.1
	26.4
	51.1
	0.4
	
	

	P1
	mass%
	83.1
	0.3
	7.1
	0.2
	2.7
	6.7
	U3Fe

	
	mol.%
	31.1
	0.3
	11.3
	0.3
	20.1
	37.1
	

	
	mol.% MeOx
	72.5
	0.7
	26.3
	0.6
	
	

	P2
	mass%
	38.6
	25.0
	29.7
	0.3
	2.1
	4.4
	(Zr,U)Fe2.5

	
	mol.%
	11.4
	19.2
	37.4
	0.4
	12.4
	19.2
	

	
	mol.% MeOx
	16.7
	28.1
	54.7
	0.5
	
	

	P3
	mass%
	6.1
	34.7
	47.7
	1.1
	6.9
	3.5
	ZrFe2

	
	mol.%
	1.2
	18.4
	41.3
	1.0
	27.7
	10.4
	

	
	mol.% MeOx
	2.0
	29.7
	66.7
	1.6
	
	

	P4
	mass%
	85.8
	1.4
	1.8
	0.1
	1.8
	9.2
	U(Zr)O2-x

	
	mol.%
	31.8
	1.3
	2.8
	0.2
	13.3
	50.6
	

	
	mol.% MeOx
	88.1
	3.6
	7.7
	0.6
	
	

	P5
	mass%
	36.6
	27.7
	28.2
	0.4
	2.9
	4.2
	(Zr,U)Fe2.5

	
	mol.%
	10.4
	20.7
	34.4
	0.5
	16.3
	17.7
	

	
	mol.% MeOx
	15.8
	31.3
	52.1
	0.8
	
	

	P6
	mass%
	86.0
	-
	4.1
	0.2
	3.0
	6.6
	U3Fe

	
	mol.%
	32.7
	-
	6.6
	0.4
	22.9
	37.4
	

	
	mol.% MeOx
	82.4
	-
	16.7
	0.9
	
	

	P7
	mass%
	57.9
	20.6
	15.0
	0.2
	1.8
	4.6
	UZrFe(O)

	
	mol.%
	20.7
	19.2
	22.8
	0.2
	12.8
	24.3
	

	
	mol.% MeOx
	32.8
	30.6
	36.2
	0.4
	
	

	P8
	mass%
	58.1
	20.9
	14.8
	0.2
	1.6
	4.6
	

	
	mol.%
	21.1
	19.8
	22.9
	0.2
	11.3
	24.7
	

	
	mol.% MeOx
	33.0
	31.0
	35.7
	0.4
	
	

	P9
	mass%
	38.7
	24.6
	29.2
	0.3
	3.0
	4.3
	(Zr,U)Fe2.5

	
	mol.%
	11.0
	18.2
	35.4
	0.3
	17.1
	18.0
	

	
	mol.% MeOx
	16.9
	28.1
	54.5
	0.5
	
	

	P10
	mass%
	6.4
	35.5
	46.3
	1.1
	6.7
	4.1
	ZrFe2

	
	mol.%
	1.3
	18.8
	40.0
	0.9
	26.7
	12.3
	

	
	mol.% MeOx
	2.1
	30.8
	65.5
	1.5
	
	







Fig. 3.15 - Microphotographs of regions 24 and 25


Table 3.14 - EDX data of regions 24 and 25

	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	64.1
	5.9
	15.2
	0.3
	5.7
	8.8
	-

	
	mol.%
	16.5
	4.0
	16.7
	0.3
	29.0
	33.6
	

	
	mol.% MeOx
	44.0
	10.6
	44.6
	0.8
	
	

	SQ2
	mass%
	66.2
	4.7
	14.9
	0.3
	5.1
	8.9
	-

	
	mol.%
	17.6
	3.3
	16.9
	0.3
	26.6
	35.3
	

	
	mol.% MeOx
	46.2
	8.5
	44.4
	0.9
	
	








Fig. 3.16 - Microphotographs of regions 26 and 27

Fig. 3.17 - Microphotographs of regions 28 and 29

Table 3.15 - EDX data of region 29
	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	61.3
	4.6
	17.8
	0.2
	7.7
	8.3
	-

	
	mol.%
	14.4
	2.8
	17.8
	0.2
	35.8
	29.0
	

	
	mol.% MeOx
	40.8
	8.0
	50.6
	0.6
	
	

	P1
	mass%
	84.0
	1.8
	0.9
	0.2
	4.9
	8.2
	U

	
	mol.%
	26.8
	1.5
	1.2
	0.3
	31.1
	39.1
	

	
	mol.% MeOx
	90.1
	5.0
	4.0
	1.0
	
	

	P2
	mass%
	49.6
	4.2
	32.7
	0.5
	7.6
	5.4
	U(Zr)Fe3

	
	mol.%
	11.4
	2.5
	32.1
	0.5
	34.9
	18.6
	

	
	mol.% MeOx
	24.6
	5.4
	69.0
	1.0
	
	

	P3
	mass%
	16.6
	18.9
	42.9
	0.7
	17.0
	3.8
	Zr(U)Fe3

	
	mol.%
	2.6
	7.7
	28.3
	0.5
	52.1
	8.8
	

	
	mol.% MeOx
	6.6
	19.6
	72.5
	1.3
	
	

	P4
	mass%
	24.3
	16.9
	38.1
	0.8
	15.2
	4.7
	Zr(U)Fe2.5

	
	mol.%
	4.0
	7.3
	26.8
	0.5
	49.7
	11.6
	

	
	mol.% MeOx
	10.4
	18.9
	69.4
	1.4
	
	





Fig. 3.18 - Microphotographs of regions 30 and 31

Table 3.16 - EDX data of regions 30 and 31
	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	65.1
	3.4
	15.7
	0.2
	7.2
	8.5
	-

	
	mol.%
	15.9
	2.2
	16.3
	0.2
	34.7
	30.7
	

	
	mol.% MeOx
	46.0
	6.3
	47.3
	0.5
	
	

	SQ2
	mass%
	58.0
	7.3
	15.1
	0.2
	11.5
	7.9
	-

	
	mol.%
	11.9
	3.9
	13.2
	0.1
	46.8
	24.1
	

	
	mol.% MeOx
	40.8
	13.4
	45.4
	0.5
	
	




Fig. 3.19 - Microphotographs of regions 32 and 33
Table 3.17 - EDX data of regions 32 and 33
	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	P1
	mass%
	87.2
	0.2
	-
	-
	2.6
	10.0
	U(Zr)O2-x

	
	mol.%
	30.3
	0.2
	-
	-
	17.9
	51.7
	

	
	mol.% MeOx
	99.4
	0.6
	-
	-
	
	

	P2
	mass%
	22.1
	22.8
	48.6
	0.9
	2.7
	3.0
	Zr(U)Fe2.5

	
	mol.%
	5.7
	15.3
	53.1
	1.0
	13.8
	11.3
	

	
	mol.% MeOx
	7.5
	20.4
	70.8
	1.3
	
	

	P3
	mass%
	-
	83.6
	-
	-
	16.4
	-
	ZrC

	
	mol.%
	-
	40.2
	-
	-
	59.8
	-
	

	
	mol.% MeOx
	-
	100.0
	-
	-
	
	



Fig.3.20 - Microphotographs of regions 34-36

Table 3.18 - EDX data of regions 35 and 36
	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	SQ1
	mass%
	43.6
	8.7
	38.4
	0.5
	2.5
	6.3
	-

	
	mol.%
	11.6
	6.1
	43.5
	0.6
	13.2
	25.0
	

	
	mol.% MeOx
	18.8
	9.8
	70.4
	0.9
	
	

	P1
	mass%
	56.6
	0.7
	36.6
	0.5
	0.5
	5.2
	U(Zr)Fe3

	
	mol.%
	18.7
	0.6
	51.3
	0.7
	3.5
	25.3
	

	
	mol.% MeOx
	26.2
	0.9
	72.1
	0.9
	
	

	P2
	mass%
	55.8
	1.8
	36.5
	0.4
	0.5
	5.0
	

	
	mol.%
	18.4
	1.6
	51.4
	0.6
	3.4
	24.6
	

	
	mol.% MeOx
	25.6
	2.2
	71.4
	0.8
	
	

	P3
	mass%
	56.7
	1.2
	36.4
	0.5
	0.1
	5.0
	

	
	mol.%
	19.3
	1.1
	52.7
	0.7
	1.0
	25.4
	

	
	mol.% MeOx
	26.1
	1.5
	71.5
	0.9
	
	

	P4
	mass%
	31.9
	16.1
	45.6
	0.7
	2.5
	3.2
	 (Zr,U)Fe3

	
	mol.%
	8.6
	11.4
	52.7
	0.8
	13.5
	13.0
	

	
	mol.% MeOx
	11.7
	15.5
	71.6
	1.2
	
	

	P5
	mass%
	1.4
	75.4
	1.6
	0.2
	16.1
	5.3
	ZrC

	
	mol.%
	0.2
	32.6
	1.1
	0.2
	52.9
	13.0
	

	
	mol.% MeOx
	0.7
	95.5
	3.3
	0.5
	
	

	P6
	mass%
	13.5
	63.1
	6.5
	0.2
	11.2
	5.5
	

	
	mol.%
	2.6
	32.2
	5.5
	0.2
	43.6
	15.9
	

	
	mol.% MeOx
	6.5
	79.6
	13.5
	0.4
	
	

	P7
	mass%
	52.6
	1.7
	40.2
	0.8
	0.2
	4.4
	Eutectic

	
	mol.%
	17.5
	1.5
	57.0
	1.2
	1.1
	21.7
	

	
	mol.% MeOx
	22.7
	1.9
	73.8
	1.6
	
	

	P8
	mass%
	56.1
	1.2
	36.9
	0.6
	0.4
	4.9
	

	
	mol.%
	18.7
	1.0
	52.7
	0.9
	2.4
	24.3
	

	
	mol.% MeOx
	25.6
	1.4
	71.8
	1.2
	
	




Fig. 3.21 - Microphotographs of regions 37 and 38


Table 3.19 - EDX data of regions 37 and 38

	No.
	U
	Zr
	Fe
	C
	O
	Phase

	SQ1
	mass%
	61.4
	25.7
	1.1
	-
	11.9
	-

	
	mol.%
	19.8
	21.6
	1.5
	-
	57.1
	

	
	mol.% MeOx
	46.1
	50.4
	3.5
	
	

	SQ2
	mass%
	61.6
	24.6
	1.8
	-
	12.1
	-

	
	mol.%
	19.7
	20.5
	2.4
	-
	57.4
	

	
	mol.% MeOx
	46.2
	48.2
	5.7
	
	

	SQ3
	mass%
	60.2
	27.2
	0.4
	-
	12.2
	-

	
	mol.%
	19.2
	22.6
	0.5
	-
	57.7
	

	
	mol.% MeOx
	45.3
	53.5
	1.2
	
	

	SQ4
	mass%
	61.2
	26.6
	0.4
	-
	11.9
	-

	
	mol.%
	19.8
	22.5
	0.5
	-
	57.2
	

	
	mol.% MeOx
	46.3
	52.5
	1.2
	
	

	P1
	mass%
	73.1
	14.0
	-
	-
	12.9
	(U,Zr)O2

	
	mol.%
	24.3
	12.1
	-
	-
	63.6
	

	
	mol.% MeOx
	66.7
	33.3
	-
	
	

	P2
	mass%
	4.2
	86.5
	-
	-
	9.3
	α-Zr

	
	mol.%
	1.1
	61.3
	-
	-
	37.5
	

	
	mol.% MeOx
	1.8
	98.2
	-
	
	



Statistics for homogeneous oxidic regions

	No.
	U
	Zr
	Fe
	C
	O
	Phase

	SQ5
	mass%
	60.4
	27.0
	0.4
	
	12.2
	-

	
	mol.%
	19.2
	22.4
	0.6
	
	57.9
	

	
	mol.% MeOx
	45.5
	53.1
	1.4
	
	

	SQ6
	mass%
	62.3
	24.0
	0.5
	
	13.3
	-

	
	mol.%
	19.2
	19.3
	0.7
	
	60.9
	

	
	mol.% MeOx
	49.1
	49.3
	1.7
	
	

	SQ7
	mass%
	60.2
	27.7
	0.3
	
	11.9
	-

	
	mol.%
	19.4
	23.2
	0.4
	
	57.0
	

	
	mol.% MeOx
	45.0
	54.0
	1.0
	
	

	SQ8
	mass%
	60.8
	26.8
	0.4
	
	12.0
	-

	
	mol.%
	19.6
	22.5
	0.6
	
	57.3
	

	
	mol.% MeOx
	45.9
	52.7
	1.4
	
	








Fig. 3.22 - Microphotographs of regions 39 and 40

Table 3.20 - EDX data of regions 39 and 40

	No.
	U
	Zr
	Fe
	C
	O
	Phase

	SQ1
	mass%
	60.6
	26.9
	0.6
	-
	12.0
	-

	
	mol.%
	19.5
	22.5
	0.8
	-
	57.2
	

	
	mol.% MeOx
	45.5
	52.6
	1.8
	
	

	SQ2
	mass%
	60.2
	27.5
	0.4
	-
	11.9
	-

	
	mol.%
	19.4
	23.1
	0.5
	-
	57.0
	

	
	mol.% MeOx
	45.1
	53.7
	1.3
	
	

	SQ3
	mass%
	60.9
	24.5
	2.5
	-
	12.1
	-

	
	mol.%
	19.3
	20.2
	3.3
	-
	57.1
	

	
	mol.% MeOx
	45.0
	47.2
	7.8
	
	

	SQ4
	mass%
	58.4
	26.1
	3.9
	-
	11.6
	-

	
	mol.%
	18.5
	21.6
	5.2
	-
	54.7
	

	
	mol.% MeOx
	40.8
	47.7
	11.5
	
	

	P1
	mass%
	77.4
	9.6
	0.6
	-
	12.5
	(U,Zr)O2

	
	mol.%
	26.6
	8.6
	0.8
	-
	63.9
	

	
	mol.% MeOx
	73.9
	23.9
	2.3
	
	

	P2
	mass%
	77.5
	9.1
	1.0
	-
	12.4
	

	
	mol.%
	26.8
	8.2
	1.5
	-
	63.6
	

	
	mol.% MeOx
	73.4
	22.4
	4.2
	
	

	P3
	mass%
	53.4
	27.4
	14.6
	-
	4.7
	UZrFe(O)

	
	mol.%
	20.9
	27.9
	24.3
	-
	27.0
	

	
	mol.% MeOx
	28.6
	38.2
	33.3
	
	

	P4
	mass%
	1.6
	89.1
	0.6
	-
	8.8
	α-Zr

	
	mol.%
	0.4
	63.3
	0.7
	-
	35.6
	

	
	mol.% MeOx
	0.7
	98.3
	1.1
	
	

	P5
	mass%
	2.0
	88.5
	0.4
	-
	9.2
	

	
	mol.%
	0.5
	62.2
	0.4
	-
	36.8
	

	
	mol.% MeOx
	0.8
	98.5
	0.7
	
	

	P6
	mass%
	33.3
	43.1
	15.6
	-
	8.0
	Zr(U)2Fe

	
	mol.%
	10.1
	34.0
	20.1
	-
	35.9
	

	
	mol.% MeOx
	15.7
	52.9
	31.4
	
	




Fig. 3.23 - Microphotographs of regions 41 and 42

Table 3.21 - EDX data of regions 41 and 42

	No.
	U
	Zr
	Fe
	C
	O
	Phase

	SQ1
	mass%
	60.6
	22.9
	2.5
	-
	14.0
	-

	
	mol.%
	17.9
	17.6
	3.1
	-
	61.4
	

	
	mol.% MeOx
	46.3
	45.6
	8.1
	
	

	SQ2
	mass%
	60.6
	25.2
	2.3
	-
	11.9
	-

	
	mol.%
	19.4
	21.0
	3.1
	-
	56.5
	

	
	mol.% MeOx
	44.5
	48.3
	7.2
	
	

	SQ3
	mass%
	58.8
	21.8
	7.5
	-
	11.9
	-

	
	mol.%
	18.1
	17.5
	9.9
	-
	54.5
	

	
	mol.% MeOx
	39.8
	38.5
	21.7
	
	





Fig. 3.24 - Microphotographs of region 43

Table 3.22 - EDX data of region 43

	No.
	U
	Zr
	Fe
	C
	O
	Phase

	SQ1
	mass%
	50.5
	26.1
	17.3
	-
	6.1
	-

	
	mol.%
	17.8
	24.0
	26.1
	-
	32.1
	

	
	mol.% MeOx
	26.2
	35.4
	38.4
	
	

	SQ2
	mass%
	59.6
	20.0
	8.2
	1.8
	10.5
	-

	
	mol.%
	17.6
	15.5
	10.3
	10.5
	46.2
	

	
	mol.% MeOx
	40.6
	35.7
	23.7
	
	

	SQ3
	mass%
	46.1
	28.9
	14.2
	2.1
	8.8
	-

	
	mol.%
	13.0
	21.3
	17.1
	11.5
	37.1
	

	
	mol.% MeOx
	25.3
	41.5
	33.2
	
	






Fig. 3.25 - Microphotographs of regions 44-48


Table 3.23 - EDX data of regions 44-48

	No.
	U
	Zr
	Fe
	C
	O
	Phase

	SQ1
	mass%
	59.7
	27.1
	0.4
	1.1
	11.8
	-

	
	mol.%
	18.1
	21.5
	0.5
	6.7
	53.2
	

	
	mol.% MeOx
	45.2
	53.5
	1.3
	
	

	SQ2
	mass%
	60.6
	27.6
	0.4
	-
	11.4
	-

	
	mol.%
	20.0
	23.8
	0.6
	-
	55.7
	

	
	mol.% MeOx
	45.1
	53.6
	1.3
	
	

	SQ3
	mass%
	60.3
	27.4
	0.3
	-
	12.0
	-

	
	mol.%
	19.3
	22.9
	0.4
	-
	57.4
	

	
	mol.% MeOx
	45.3
	53.7
	1.0
	
	

	SQ4
	mass%
	60.2
	27.7
	0.4
	-
	11.8
	-

	
	mol.%
	19.5
	23.3
	0.5
	-
	56.7
	

	
	mol.% MeOx
	44.9
	53.9
	1.2
	
	

	SQ5
	mass%
	59.3
	27.7
	0.4
	-
	12.6
	-

	
	mol.%
	18.5
	22.5
	0.6
	-
	58.4
	

	
	mol.% MeOx
	44.4
	54.2
	1.4
	
	

	SQ6
	mass%
	59.3
	26.4
	0.4
	1.6
	12.3
	-

	
	mol.%
	17.3
	20.0
	0.5
	9.1
	53.1
	

	
	mol.% MeOx
	45.6
	53.0
	1.4
	
	

	P1
	mass%
	75.2
	11.6
	0.4
	-
	12.8
	(U,Zr)O2

	
	mol.%
	25.3
	10.2
	0.6
	-
	63.9
	

	
	mol.% MeOx
	70.2
	28.1
	1.7
	
	

	P2
	mass%
	74.4
	13.4
	0.8
	-
	11.4
	

	
	mol.%
	26.4
	12.4
	1.2
	-
	60.0
	

	
	mol.% MeOx
	66.0
	31.1
	2.9
	
	

	P3
	mass%
	65.0
	23.1
	0.3
	-
	11.7
	

	
	mol.%
	21.7
	20.1
	0.5
	-
	57.8
	

	
	mol.% MeOx
	51.3
	47.5
	1.1
	
	

	P4
	mass%
	76.6
	10.6
	0.7
	-
	12.1
	

	
	mol.%
	26.6
	9.6
	1.0
	-
	62.8
	

	
	mol.% MeOx
	71.6
	25.8
	2.7
	-
	

	P5
	mass%
	4.7
	86.2
	0.4
	-
	8.8
	α-Zr

	
	mol.%
	1.3
	62.2
	0.5
	-
	36.1
	

	
	mol.% MeOx
	2.0
	97.2
	0.8
	
	

	P6
	mass%
	4.6
	86.3
	0.3
	-
	8.8
	

	
	mol.%
	1.3
	62.3
	0.4
	-
	36.1
	

	
	mol.% MeOx
	2.0
	97.4
	0.6
	
	







Fig. 3.26 - Microphotographs of region 49

Table 3.24 - EDX data of region 49

	No.
	U
	Zr
	Fe
	C
	O
	Phase

	SQ1
	mass%
	57.9
	29.6
	0.6
	-
	11.9
	

	
	mol.%
	18.4
	24.6
	0.9
	-
	56.2
	

	
	mol.% MeOx
	42.0
	56.0
	2.0
	
	

	P1
	mass%
	75.7
	10.4
	7.2
	-
	6.6
	UC?

	
	mol.%
	32.6
	11.7
	13.3
	-
	42.5
	

	
	mol.% MeOx
	56.6
	20.4
	23.1
	
	

	P2
	mass%
	71.0
	16.1
	4.7
	0.8
	7.4
	

	
	mol.%
	27.6
	16.3
	7.8
	5.9
	42.5
	

	
	mol.% MeOx
	53.3
	31.6
	15.1
	
	

	P3
	mass%
	55.3
	25.1
	15.0
	-
	4.5
	UZrFe(O)

	
	mol.%
	21.9
	26.0
	25.4
	-
	26.8
	

	
	mol.% MeOx
	29.9
	35.5
	34.6
	
	

	P4
	mass%
	59.3
	22.6
	13.0
	-
	5.1
	

	
	mol.%
	23.7
	23.5
	22.2
	-
	30.6
	

	
	mol.% MeOx
	34.2
	33.9
	32.0
	
	

	P5
	mass%
	76.3
	9.2
	7.6
	-
	6.9
	Phase mix

	
	mol.%
	32.5
	10.2
	13.8
	-
	43.5
	

	
	mol.% MeOx
	57.4
	18.1
	24.5
	
	

	P6
	mass%
	79.4
	6.9
	1.3
	-
	12.4
	(U,Zr)O2

	
	mol.%
	27.7
	6.3
	1.9
	-
	64.2
	

	
	mol.% MeOx
	77.2
	17.5
	5.3
	
	

	P7
	mass%
	78.9
	8.9
	0.7
	-
	11.5
	

	
	mol.%
	28.5
	8.4
	1.1
	-
	62.0
	

	
	mol.% MeOx
	75.1
	22.1
	2.8
	
	

	P8
	mass%
	68.3
	14.7
	4.6
	-
	12.2
	Phase mix

	
	mol.%
	21.8
	12.2
	6.2
	-
	57.9
	

	
	mol.% MeOx
	54.2
	30.4
	15.4
	
	

	P9
	mass%
	35.3
	48.1
	6.5
	-
	10.1
	Phase mix

	
	mol.%
	10.4
	37.1
	8.2
	-
	44.3
	

	
	mol.% MeOx
	18.7
	66.5
	14.8
	
	

	P10
	mass%
	5.4
	85.6
	0.6
	-
	8.5
	α-Zr

	
	mol.%
	1.5
	62.6
	0.7
	-
	35.2
	

	
	mol.% MeOx
	2.3
	96.6
	1.1
	
	

	P11
	mass%
	3.2
	87.4
	0.4
	-
	9.0
	

	
	mol.%
	0.9
	62.2
	0.5
	-
	36.5
	

	
	mol.% MeOx
	1.4
	97.9
	0.7
	
	

	P12
	mass%
	3.5
	87.8
	0.4
	-
	8.3
	

	
	mol.%
	1.0
	64.1
	0.5
	-
	34.5
	

	
	mol.% MeOx
	1.5
	97.8
	0.7
	
	

	P13
	mass%
	3.9
	87.1
	0.3
	-
	8.7
	

	
	mol.%
	1.1
	62.8
	0.4
	-
	35.8
	

	
	mol.% MeOx
	1.7
	97.8
	0.6
	
	

	P14
	mass%
	6.9
	84.2
	0.8
	-
	8.2
	

	
	mol.%
	2.0
	62.6
	0.9
	-
	34.5
	

	
	mol.% MeOx
	3.0
	95.6
	1.4
	
	

	P15
	mass%
	3.7
	86.7
	0.4
	-
	9.2
	

	
	mol.%
	1.0
	61.4
	0.5
	-
	37.2
	

	
	mol.% MeOx
	1.6
	97.7
	0.7
	
	

	P16
	mass%
	7.6
	81.5
	4.1
	-
	6.8
	

	
	mol.%
	2.2
	62.7
	5.2
	-
	29.8
	

	
	mol.% MeOx
	3.2
	89.4
	7.4
	
	



Let us consider the IZ structure in the direction steel – crystallized corium.
EDX analysis of the average steel composition near the IZ and in the specimen bulk does not register differences (e.g., Fig. 3.3, region 3, table 3.2, points P1 and P2). 
SEM analysis of the interaction zone distinguishes 4 layers having characteristic microstructures, (in Fig. 3.1 marked by Roman numerals). In comparison with microanalysis (Fig. 2.13) zones having different microstructure are identified with a high credibility.
Layers I and II are mixed with each other; they are alternatively adhere to steel across а template. The boundary of uncorroded steel is uneven – it has the stepped diagonally branched pattern. The thickness of layers I and II is about 2-3 mm. The central part of the template has the inter-penetration of layers. Boundary between the two layers can be observed in the microphotographs of region 1-1 (Fig. 3.2), region 5 (Fig. 3.4) and regions 6-8 (Fig. 3.5).
In accordance with EDX the microstructure of layer I is the dendrite crystallization melt. And dendrites in layer I belong to a phase, which continuously changes its composition in the direction of uranium and corresponds to the (U,Zr)Fe3 formula (Fig. 3.2, Table 3.1, points P1 – P4 and others ). And closer to the layer boundary II the dendrites grow in size. In some places within one layer a distinct boundary between regions with coarse and fine dendrites can be seen (Fig. 3.2, region 1). It can indicate that the regions got crystallized at different time and with different rates. At this, as it can be seen from the EDX data statistical processing, the region with fine dendrites has a slightly higher content of steel components (Table 3.25).
Layer I`, which in template reveals no visual differences from layer I, has a different microstructure. Here iron dendrites serve as the primary crystallization zone (region 8-1, Fig. 3.5). Another component is the eutectically crystallized melt (region 6, SQ1, Fig. 3.5). Both at crystallization from the Fe side and from the (U,Zr)Fe3 side layer I eutectics has similar microstructure and composition, which is different only in the U/Zr ratio. At the examination of layer I boundary with steel an occasional ZrC interlayer deserves attention. Its thickness is just a few µm (regions 1-2-1, 1-3-1-1 in Fig. 3.2 and region 3-1-1 in Fig. 3.3). Microphotographs of region 3-1-1 show contours of a steel grain nearly completely dissolved in the melt and bounded by the ZrC phase. The same microphotograph shows crystals of the UC2 (Р3) phase and its diffusion penetration along the inter-grain boundary into the steel specimen bulk (Р8). 
Layer II is a practically monophase (U,Zr)Fe3-based solid solution, in which the U/Zr ratio varies depending on the location (regions 1-1-1, 5-2, 6, 7, 9, 13). The bottom and central parts of the layer have fine ZrC crystals (regions 1-1-1-1, 5-2), and the top part has narrow eutectic interlayers (region 13-1). Similar structures were observed in the MC9 IZ [3]. Similar to the MC9 layer a high concentration of Zr is observed in layer II. An even character of boundary between layers II and III is seen. Layer II was probably crystallized at one of the intermediate phases of the test; and it served as the barrier layer preventing repartitioning of components in the IZ. 
Layer III is the melt with dendrite crystallization, where solid solution (Zr,U)Fe serves as the primary crystallization phase, and (U,Zr)Fe3-based phase serves as the matrix phase (e.g. region 17-1). Dendrite boundaries are vague, which testifies to the continuous shift of these components. The layer has small drops with eutectic composition (regions 17-1-1, 17-1-2), and ZrC dendrites (regions 17-2 and 17-3). It should be noted that the discussed phase was detected in the MC experimental series. As previously it was impossible to measure carbon by the Oxford microprobe, it was erroneously identified as ZrO2 (see [3], Fig. 2.5.16). Scattered ZrC crystals are also concentrated on the boundary with the oxidic ingot part (region 19-1). Layer III is about 2-3 mm thick.
Layer IV found in template b has alternating layers of U(Zr)O2-x solid solution and intermetallic solid solutions of the (U,Zr)Fe3 series (e.g. region 20). It should be noted that this layer, differently from layer III, is strictly horizontal, it does not repeat the temperature front. This is an evidence of prevailing solid phase character. Layer IV thickness is about 2 mm. At this the intermetallide layers were likely to be in the liquid phase, and they were slowly diffusing into the molten corium. This is confirmed by veins enriched by metallic components and droplet inclusions in corium (regions 22-25, 40, 41, 43). Similar inclusions (but in a larger quantity), were observed in the crystallized oxidic component of MC9.
Table 3.25 gives the summarized data on phase composition in certain IZ parts 

Table 3.25 – Statistically processed EDX data of the IZ

	No.
	U
	Zr
	Fe
	Mn
	C
	O
	Phase

	Layer I
	mass%
	41.4±2.1
	5.5±0.7
	38.0±2.0
	0.5±0.2
	8.0±1.9
	6.8±1.0
	Coarse dendrites 
(3 fields)

	
	mol.%
	8.8±1.3
	3.0±0.2
	34.2±4.7
	0.4±0.2
	32.7±4.8
	21.0±1.1
	

	
	mol.% MeOx
	18.9±0.9
	6.5±1.0
	73.7±1.0
	0.9±0.2
	
	

	Layer I
	mass%
	37.3±1.9
	3.2±1.2
	48.7±3.0
	0.8±0.1
	5.3±0.2
	4.8±0.3
	Fine dendrites
(9 fields)

	
	mol.%
	8.6±0.5
	1.9±0.7
	48.0±2.6
	0.7±0.1
	24.3±0.9
	16.4±1.3
	

	
	mol.% MeOx
	14.6±1.2
	3.3±1.3
	80.9±2.3
	1.3±0.1
	
	

	Eutectics
	mass%
	37.5±1.5
	0.5±0.3
	52.2±1.7
	0.9±0.1
	4.9±0.3
	4.0±0.4
	In layer I
(9 fields)

	
	mol.%
	8.9±0.4
	0.3±0.2
	53.0±1.9
	1.0±0.1
	22.9±1.2
	14.0±1.3
	

	
	mol.% MeOx
	14.2±0.9
	0.5±0.3
	83.8±0.7
	1.5±0.1
	
	

	Layer I`
	mass%
	32.6
	2.4
	54.3
	0.8
	5.5
	4.4
	1 field


	
	mol.%
	7.3
	1.4
	51.7
	0.8
	24.3
	14.6
	

	
	mol.% MeOx
	11.9
	2.3
	84.5
	1.3
	
	

	Eutectics
	mass%
	35.1±0.4
	2.0±0.2
	53.0±1.7
	0.8±0.1
	5.0±0.3
	4.2±0.1
	In layer I`
(2 fields)

	
	mol.%
	8.2±0.2
	1.2±0.1
	52.5±0.3
	0.8±0.1
	23.1±1.1
	14.3±0.4
	

	
	mol.% MeOx
	13.1±0.2
	1.9±0.2
	83.9±0.3
	1.3±0.1
	
	

	Layer II
	mass%
	35.9±6.4
	13.9±4.8
	40.4±1.2
	0.4±0.3
	5.0±0.4
	4.5±0.3
	6 fields


	
	mol.%
	8.8±1.9
	8.8±2.7
	41.9±0.8
	0.4±0.3
	23.9±1.1
	16.2±1.4
	

	
	mol.% MeOx
	14.8±3.3
	14.6±4.4
	70.0±1.5
	0.7±0.5
	
	

	Layer III
	mass%
	43.0±6.3
	7.8±4.6
	36.4±2.6
	0.5±0.2
	5.1±2.3
	7.2±1.2
	6 fields


	
	mol.%
	10.2±2.3
	4.9±2.9
	36.7±5.6
	0.5±0.3
	22.7±8.2
	25.0±1.6
	

	
	mol.% MeOx
	19.7±3.9
	8.9±4.7
	70.4±2.3
	0.9±0.3
	
	

	Layer IV
	mass%
	65.8
	3.1
	16.5
	0.2
	3.4
	11.0
	1 fields


	
	mol.%
	17.4
	2.1
	18.6
	0.2
	18.1
	43.5
	

	
	mol.% MeOx
	45.4
	5.5
	48.5
	0.6
	
	



For the SEM/EDX analysis of the oxidic ingot part three polished sections were prepared from the half of the axial section (Fig. 3.1, b, c and d). Crystallized corium far from the IZ, corium close to the IZ, periphery part of the ingot and its drop-like and vein-like inclusions were studied.
The component analysis of corium at a distance from the IZ shows the presence of iron (~ 0.5 mass %, see Table 3.23) in the top part. Corium microstructure is similar to the one observed in the experimental series with the Russian vessel steel. But close to layer IV corium contains up to 15 wt % of iron (see Table 3.16), and veins and drop-like inclusions enriched with metal are also observed there (regions 22-25, 40, 41, 43). The nature of these droplets is probably associated with the secondary phase separation - pushing of low-melting components to the center during cooling of the oxidic melt, change in the local composition of the melt, and its subsequent separation into metallic and oxidic liquids. 

[bookmark: _Toc299101467]DISCUSSION OF RESULTS
In order to compare МСР-5 data with results of the experiments with Russian vessel steel let us consider their experimental conditions and main outputs systematized in Table 4.1.

Table 4.1 – Characteristics of experiments on the interaction of suboxidized corium melt and vessel steel of Russian and European reactors 

	Test
	Corium
oxidation
index,
Cn
	Temperature
on the IZ
boundary,
TвC
	Mass fraction of the interacting
specimen steel, 

, %
	
IZ composition,
mass. %

	
	
	
	
	U
	Zr
	Fe

	MC6*
	C-30
	1120…1200
	4.1
	25.6
	5.4
	64.4

	MC7
	C-30
	1030…1100
	0.4
	44.0
	2.2
	50.0

	MC8
	C-70
	1200
	2.9
	22.0
	6.1
	68.2

	MC9**
	C-30
	1060…1100
	11.5
	33.3
	8.3
	53.0

	MCP-1*
	C-17
	1000…1090
	5.9
	44.4
	14.0
	40.0

	MCP-5**
	C-30
	1060…1250
	5.6
	40.0
	14.0
	44.0



*- metallic body in the ingot 
* * - no crust on the oxidic melt surface

Possible options for МСР-5 comparison in terms of equal corium oxidation index (С-30) are МС6, МС7 and МС9. But the МС6 melt surface had a crust, which prevented iron volatilization, and caused, differently from МСР-5, the formation of metallic body in the МС6 ingot. The МС7 ingot did not have a metallic body though there was a surface crust during the experiment. A likely reason for that is a very small mass of steel, which partitioned into the oxidic melt (the fraction of interacted steel is 0.4%). It is explained by the low level of maximum temperature on the specimen top, which was only 1150ºС. Therefore the most suitable for comparison with МСР-5 is МС9, in which, like in МСР-5, the melt surface did not have crust, consequently no metallic body was formed in the melt, and maximum temperatures of the specimen top in both tests were close, approximately 1450ºС.
Fig. 4.1 shows the axial section of the МС9 specimen top.




Fig. 4.1 – Top part of the МС9 specimen with IZ 
Differently from МСР-5 the МС9 IZ had not four, but only two layers with different structure, and the layers МС9 were not mixed. The boundary between the IZ bottom and unaffected steel of МС9 has a significant difference from the same in МСР-5 – it has a ‘regular’ shape of the surface, close to isothermal [3]. Temperature range on this surface was 1060-1100ºС, and in МСР-5 - 1060-1250ºС (Fig. 2.1). The noted difference may be due to incompleteness of the melt – specimen interaction process in the relatively low-temperature periphery in MCP-5 experiment. Then the mentioned temperature range observed in МСР-5 can be reduced to only 1060-1160ºС. If we ignore the incubation period, the interaction time in МС9 could be twice longer than in МСР-5.
The maximum ablation depth (near the specimen axis) also differs: 10 mm in МСР-5 and 15 mm in МС9. But this divergence is explained not by the different limiting temperatures of corrosion boundary (in both tests it is close to 1100ºС), but by the difference of temperature fields in specimens resulting from different thermal insulations between the specimen side surface and cold crucible. The above-said is confirmed by the difference in the radial temperature distribution in the specimen top, which is shown in Fig. 4.2. Note that it is technically very difficult to have the same side insulation value in different tests.




Fig. 4.2 – Radial temperature distribution on the specimen top


In spite of the mentioned incompleteness of the МСР-5 interaction, in terms of reaching the limiting temperature boundary of corrosion the МСР-5 data are similar to the previously obtained results on the interaction of the suboxidized corium melt and Russian vessel steel. To justify this assertion let us consider the mentioned temperature boundary issue in more detail.
First of all, without direct connection with the METCOR context, let us consider possibilities of component dissolution in the binary and ternary systems in the aspect of reaching the final values (temperature and composition), which limit the mentioned process. As a general assumption we consider it within the phase diagrams of equilibrium systems, i.e. the process kinetics, which causes no influence on the final condition of the system, is not taken into account.
For the demonstration let us consider the process of dissolution of an i-th solid component at its interaction with the melt in a general case of a multi-component system using an ideal binary phase diagram of a simple eutectic type as an example (Fig. 4.3а). By dissolution in this case we understand its transition from the solid to liquid state at a certain temperature Tj, which is lower than its melting temperature. It results in the increase of the liquid phase fraction in the system or in its staying at a maximum level (Fig. 4.3b). 


Fig. 4.3 – Binary phase diagram

A generalized expression for changing the ratio of liquid and solid phases in the system in the considered variation range of the i-th component fraction can be formulated as 

	(4.1)
where βl – liquid phase fraction in the system,
i, – fraction of the i-th component in the system.
At a further increase of the i-th component fraction a limit of the melt saturation with this component is reached (Fig. 4.3b). Then the solubility limit for the i-th component can be assumed to be such a minimum fraction of it in the system i, min=i`` (Fig. 4.3b), the further increase of which causes the reduction of the liquid phase fraction in the system, i.e.

	(4.2)

	Isothermal conditions
Let us consider a binary system of eutectic type, the phase diagram of which is shown in Fig. 4.3а, and possibilities of the dissolution of its components in the isothermal conditions. It is evident that the actual region for the Component А dissolution is the temperature region Teut AB-TA, and component В - Teut AB-TВ, where Teut AB – eutectic temperature; ТА, ТВ – melting temperatures of components А and В, respectively. In accordance with (4.2) the component reaches its solubility limit when its fraction increases in the system up to the value equal to its fraction in the corresponding “shoulder” of the liquidus line at the set temperature.
Let us consider a ternary system (Fig. 4.4), at this we restrict our studies to the section with a certain В/С ratio, which is shown in Fig. 4.5 and, for similarity, does not go through the ternary eutectics points. The minimum temperature on the liquidus line is denoted as Tmin, and fraction of component A in this point - A,eut AB-ABC. In this case the component А dissolution is relevant for temperature region Teut ABC -TА. For region Teut ABC -Tmin the dissolution boundary in accordance with condition (4.2) is a curve between points 1 and 2 (Fig. 4.5), which approaches A,eut AB-ABC at temperature value close to Tmin. It should be noted that if the binary eutectics composition in the considered section has no significant differences from the ternary, for temperature region Teut ABC –Tmin an approximation A ≈ A,eut AB-ABC ≈ A,eut ABC is possible. For region Tmin -TA the component dissolution boundary is when its fraction is between points 2 and 3 in the liquidus line (Fig. 4.5) at the set temperature.



 - plane of ternary eutectics,  - A-B system,  - B-C system, 
 - C-A system,  - crossing lines of corresponding liquidus surfaces of the ternary system,  - polythermal section A-B,C
Fig. 4.4 – Ternary phase diagram with marked polythermal section  



Fig. 4.5 – Ternary phase diagram section

Using the binary system example we get a certain quantitative correlation. Fig. 4.6 shows the process of component А dissolution at Т0. Points 1 and 2 correspond to the initial and final state of the system. In the initial state we know the total mass of А and В components М1 and mass fraction of A,1 (in relative units). The position of liquidus line in the part Teut AB -TА is determined by the function А=f1(T). Then the maximum mass of component А МA,max, which can be additionally dissolved in the considered conditions, is evaluated from the balance correlation

	(4.3)
From here

	(4.4)


As at the temperature increase  grows (Fig. 4.6), in accordance with (4.4), the initial conditions being unchanged, the higher the temperature in the Teut AB -TA range is, the larger is the maximum mass of dissolved component А. Similar reasoning is valid for the ternary system with one peculiarity that in the temperature region Teut ABC -Tmin (Fig. 4.5) the maximum mass of dissolved component A in the first approximation corresponds to reaching  ABC.


Fig. 4.6 – Dissolution in isothermal conditions


 Thermal gradient conditions
Let us consider the dissolution of component А, which interacts with the binary А-В system at temperature Т1 following the schematics presented in Fig. 4.7. 
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Fig. 4.7 –Interaction schematics in the thermal gradient conditions

Temperature in the solid component is monotonously (e.g. linearly) decreases in the direction from the initial position of the interaction front (from temperature Т1). In the accepted 1D model the mass has a linear relation with the coordinate. For this reason the Fig. 4.7 ordinate axis shows the mass of dissolving component А. Let us assume the stability of spatial temperature distribution and uniformity of components’ distribution during the dissolution. Fig. 4.8 shows the conventional phase diagram, which illustrates the process. 


Fig. 4.8 – Dissolution in the thermal gradient conditions

It should be noted that in the thermal gradient conditions there is a shift of phase equilibria lines in comparison with the isothermal conditions established in the system. And the larger the temperature difference is, the more noticeable is the change of phase correlations and composition. With this, in the analysis of thermal gradient influence on the shift of regions with certain phase conditions in such systems it can be assumed that in this case it will be insignificant and can be neglected. For such cases the equilibrium phase diagrams can be used for the forecast of coexisting phase compositions at different temperatures [14].

It is evident that the maximum possible additional mass of dissolved component А  is determined by the dissolution front reaching the minimum possible temperature, at which the dissolution stops, i.e. by the position of isotherm Teut in the body of this component (Fig. 4.7). Let us formulate the balance correlation similar to (4.3)

	(4.5)
And using it express the unknown value of the component А final fraction

	(4.6)








Let us compare the resulting value  with the component А fraction in the eutectic point. If A,eut AB (point 2* in Fig. 4.6), then indeed the maximum mass of dissolved component А  equals the maximum possible value , i.e. the dissolution front goes to isotherm Тeut AB. If >A,eut AB, an assumption that = is not true, and the final position of the dissolution front is determined by its reaching the isotherm in the bulk of component А and a fraction of this component in the А-В system corresponding to a certain point 2 on the liquidus line, in which the condition (4.2) is locally met (Fig. 4.8). Then the final temperature on the dissolution front Т2, maximum mass of additionally dissolved component А  and final fraction of component А A,2 can be evaluated by solving the system of equations:


Т=f2(A);	(4.7)

= f(Т),
where Т=f2(A) describes the position of liquidus line on side А (Fig. 4.8),

       = f(Т) – function correlating the dissolved mass with the temperature on the dissolution front (Fig. 4.7).




As a result, if  calculated from (4.6) is larger than A,eut AB, then Т2>Тeut, <, а  AB.

It is not difficult to show that at equal М1 and A,1 the mass of additionally dissolved component А  will be equal to the maximum mass of this component, which can be additionally dissolved in the isothermal conditions at Т2 derived from the solution of (4.7).
In this way the model, which determines the final position of dissolution front in the solid body (component) at thermal gradient conditions, along with the correlation for eutectic and liquids lines in the phase diagram of the considered system and correlations describing the solid body temperature conditions, should include an additional correlation. This correlation, in a general case, should relate characteristics (mass, composition) of the final system with the characteristics of the system, with which the solid body interacts. In the considered specific case such correlation is the mass balance of the initial and final state of the system.
At interaction (through oxidic crust) with the melt of suboxidized U and Zr oxides in the oxygen deficit conditions the corrosion of cooled steel is limited not by its oxidation process (as it is in the case of oxidizing above-melt atmosphere), but by the process of dissolution of its components in the melt at the boundary between solid and liquid phases. Differently from the example discussed above, where the dissolution of solid component takes place at the interaction with one-liquid system, in the METCOR conditions steel interacts with the two-liquid system, which is formed immediately after the start of steel dissolution (as soon as the IZ is formed). Similar to the interaction processes of suboxidized corium melts and steel studied within the MASCA program, the metallic part of the METCOR two-liquid system – IZ has the U-Zr-Fe(Cr, Ni,…)-O composition. This is where the steel dissolution takes place until the limiting temperature Тв is reached on the dissolution (corrosion) front. It is evident that the established state should also meet the condition of chemical equilibrium between the metallic (IZ) and oxidic parts of the system, which in particular is determined by the IZ composition.
First let us consider to what extent the final dissolution temperature (final corrosion temperature boundary) in METCOR corresponds to the conditions of solid component dissolution in the one-liquid system. For this we conventionally consider only metallic part of the system – the IZ without its relation to the oxidic part.






Fig. 4.9 a-e shows the calculated sections of U-Zr-Fe phase diagram for the (U/Zr) values, which were determined from their average concentrations in the IZ for each previously made METCOR experiment. At this the oxygen presence in the IZ was neglected due to its small content, for the same reason, so as all steel components except Fe, the mass fraction of which in the vessel steel is not less than  94%. The calculations were made using the GEMINI2 code with the thermodynamic database NUCLEA07. In the diagram the experimental data are plotted as dots with error bars. It can be seen that for MC7, MC9 and MCP-1 =< (similar to A,eut AB, Fig. 4.6), and the ternary eutectics temperature can be considered as the limiting one, and for MC6 and MC8 >, and for the limiting temperature we take liquids temperature or the temperature on the line of monovariant equilibrium, which divides the field of iron crystallization and field of U/Zr crystallization. The line separating the iron crystallization field is bold in all polythermal sections (Fig. 4.9). The indirectly obtained qualitative difference in the results of these two groups is confirmed by the SEM/EDX data, which show that only in MC6 and MC8 the IZ before crystallization was completely liquid. This is confirmed both by its structure (Fig. 4.10а, МС6) and the homogeneity of structure and composition throughout the IZ. For comparison Fig. 4.10b shows the SEM-image of the MC7 IZ fragment, which has a qualitative difference from Fig. 4.10а. It proves that the IZ was in the liquid-solid (mushy) condition. Table 4.2 shows the results of EDX analysis.

 
 - experiment;   calculation

Fig. 4.9 –U-Zr-Fe phase diagram sections


Fig. 4.10 – Microphotographs of crystallized interaction zone а) experiment MC6, b) experiment MC7


Table 4.2 – EDX analysis of zones shown in Fig. 4.10
	Subject of analysis
	U
	Zr
	Fe
	Cr
	Ni
	~O
	Note

	Fig. 4.10а
	mass%
	24.6
	5.7
	65.4
	2.0
	0.7
	1.6
	IZ average composition

	
	mol.%
	7.0
	4.2
	78.8
	2.6
	0. 8
	6.6
	

	Fig. 4. 10а, 1
	mass%
	-
	-
	95.9
	3.7
	-
	0.4
	Primary crystallization phase

	
	mol.%
	-
	-
	94.8
	3.9
	-
	1.3
	

	Fig. 4. 10а, 2
	mass%
	26.6
	6.4
	62.7
	1.7
	0.8
	1.7
	Eutectic region

	
	mol.%
	7.7
	4.8
	76.9
	2.2
	1.0
	7.4
	

	Fig. 4. 10b, 3
	mass%
	-
	-
	96.5
	2.3
	1.2
	-
	Steel

	
	mol.%
	-
	-
	96.0
	2.7
	1.3
	-
	

	Fig. 4. 10b, 4
	mass%
	54.9
	4.5
	37.5
	0.5
	0.8
	1.9
	U(Zr)Fe2.5

	
	mol.%
	21.2
	4.5
	61.6
	0.9
	1.2
	10.6
	

	Fig. 4. 10b, 5
	mass%
	11.7
	22.6
	62.8
	1.7
	0.5
	0.6
	Zr(U)Fe3.5

	
	mol.%
	3.3
	16.5
	74.8
	2.2
	0.6
	2.6
	

	Fig. 4. 10b, 6
	mass%
	40.4
	2.3
	53.3
	1.7
	0.8
	1.5
	Eutectic region

	
	mol.%
	13.1
	1.9
	74.2
	2.5
	1.0
	7.3
	



In this way the study of interaction between cooled vessel steel and metallic part of the two-liquid system (IZ) without the oxidic part has established that steel dissolution in it stops  at reaching the same temperature boundary as at the dissolution of cooled solid component in the one-liquid system, specifically the temperature of eutectics or liquidus temperature.
The results of similar calculations of the phase diagram section for the МСР-5 IZ composition are shown in Fig. 4.11. It can be seen that the final temperature boundary in МСР-5 (taking into account measurement and calculation errors and the process incompleteness) is equal to the eutectic temperature of the U-Zr-Fe system and, from this point of view the interaction with vessel steel of European reactors in the considered conditions is not different from the interaction with vessel steel of Russian reactors.



Fig. 4.11 –U-Zr-Fe phase diagram section

In order to answer the question which temperature, the eutectic one, as in МС7, МС9, МСР-1 and МСР-5 or liquidus, as in МС6 and МС8, will be the limiting in each specific case, it is necessary to analyze phenomena taking place during the interaction of steel and the two-liquid system in general.

The MASCA data obtained in the close to thermal equilibrium conditions have a satisfactory agreement with calculations [15 - 17]. They have shown that at the thermodynamic equilibrium in the two-liquid system (U, Zr)O2-x - Fe for concrete conditions ((U/Zr), Cn, Tох) there is a unique dependence of the metallic melt composition from the Fe (steel) mass fraction   in the system. It can be shown as

	(4.8)

	(4.9)

where , (U/Zr)met - Fe fraction and U/Zr ratio in the metallic part of the melt, respectively.
As shown in [18], the IZ composition in METCOR has a significant difference from the metallic part of the MASCA melt, other conditions being equal, due to a considerable temperature difference between the oxidic and metallic parts of the system Тох-Тmet, which for METCOR is above 1000С. The composition difference is in a large Fe fraction and smaller fractions of U, Zr and O in the METCOR IZ. Beside this, if (U/Zr)at value in the IZ (1.2 – 7.7) in the majority of tests is significantly larger that the initial (U/Zr)at value in the suboxidized corium  melt (1.1 – 1.2), then in the metallic MASCA melt it is close to this value. Note that in the metallic body found in the МС6 and МСР-1 ingots the value of (U/Zr)at is considerably closer to the corresponding value in MASCA than in the IZ (0.85 – 0.91).

The limited number of METCOR experiments does not enable a generalization, which is different from MASCA, but it can be expected that, like in MASCA conditions, the METCOR has an unique dependence of the IZ composition from  at the same above-given characteristics of the system with the Тох- Тmet addition, and strictly speaking, temperature distribution in the IZ, i.e. 

	(4.10)

	(4.11)
We can assume that the uneven IZ temperature distribution, i.e. the deviation of local values from the average mass temperature, which in METCOR does not exceed 150С and considerably lower Тох - Тmet can further on be excluded from the critical characteristics of the system. In the current analysis we can also exclude Тох - Тmet, the value of which ranged in METCOR in a comparatively narrow range of 1200…1350С, and Tох, which was approx. 2450С in all experiments. Therefore, the value of limiting temperature Тв of the cooled vessel steel corrosion for the known in METCOR mass of the suboxidized corium melt Мох, (U/Zr) value, oxidation index Cn and temperature field in the steel specimen can be determined in the following way. 
Fig. 4.12 schematically shows the steel specimen in the METCOR experimental conditions (for example – with a horizontal orientation of the interaction interface) and the position of isothermal surface with minimally possible value of the limiting corrosion temperature, i.e. Тeut. 


1 – corium melt; 2 – steel specimen

Fig. 4.12 – Schematics of steel specimen with the IZ


Let us take the mass of steel (for the sake of simplicity assume that it has only Fe in the composition) in the volume limited by the initial interaction interface position and isothermal surface Тeut, as . This maximum possible mass of dissolved steel corresponds to the maximum possible mass fraction of steel in the system

.	(4.12)



















Taking correlations (4.10), (4.11) as known and applying them to the known value  we can determine values  (Fig. 4.13) and . The ternary phase diagram section is constructed for the produced  value, and values  and  are compared. If  is lower or equal  (, curve 1, Fig. 4.13), the limiting temperature of steel dissolution in the IZ (corrosion temperature boundary) Тв indeed is Тeut, that is Тв = Тeut. If > (curve 2, Fig. 4.13), then the limiting temperature Тв > Тeut and corresponds to the position of a certain point on the liquidus line (from the Fe side). At this, the maximum mass of dissolved steel < (<), and >>.



1 – iron content in the IZ is securely lower than its content in the eutectic composition; 2 - iron content in the IZ can be higher than its content in the eutectic composition (bold part of curve 2)

Fig. 4.13 –Fe fraction in the IZ versus Fe fraction in the two-liquid system


Then if >, the value of limiting temperature Тв and all other unknown values are determined by the solution of a system of equations, which includes (4.10), (4.11), and also

	(4.13)

	(4.14)

	(4.15)

Function (4.13), which correlates the mass of dissolved steel with the temperature on the corrosion boundary, is determined by the temperature field in the steel specimen, i.e. T=T(r, z). Function (4.15) determines the position of liquidus line (from the Fe side) in the U-Zr-Fe phase diagram section, which, in its turn, is determined by the value of .


It can be seen that the system of equations (4.10), (4.11), (4.13)-(4.15) is an analogue of the (4.7) system, to which correlations (4.10), (4.11) are added, which relate the IZ composition with the mass fraction of Fe in the two-liquid system, and an expression for mass balance is excluded. These are the correlations, which determine the position of steel corrosion temperature boundary Тв, if >, other conditions being equal.
Therefore, in order to determine the limiting temperature of vessel steel corrosion in the considered conditions, it is necessary to have the numeric model of the system, in which the oxidic and metallic liquids have different temperatures. In its capacities it would be similar to the model, which is applied for calculating the systems in thermodynamic equilibrium.
Let us consider the МСР-5 results on the corrosion kinetics in comparison with previously produced data for the Russian vessel steel (Fig. 4.14).






Fig. 4.14 – Vessel steel corrosion kinetics

In МСР-5 the corrosion process does not have qualitative differences from Russian vessel steel behavior in similar conditions: the incubation period is followed by “fast” corrosion, which tends to saturate. The incubation period and initial rate of “rapid” corrosion in МСР-5 have the maximum values among other tests. However, at the moment, we cannot state for certain that this is specific to the European vessel steel, because only one experiment was made.
In comparison with a correlation produced by processing data from 4 experiments with Russian vessel steel, which describes corrosion rate (period of “fast” corrosion)




a correlation made using the МСР-5 data has a larger coefficient value in the right part, and it is formulated in the following way:







[bookmark: _Toc285542400][bookmark: _Toc299101468]CONCLUSIONS
The following has been established by the completed experiment МСР-5 on the interaction between the European reactor vessel steel specimen and suboxidized corium melt.
1. In МСР-5 the time of incubation period was considerably longer than in experiments with Russian vessel steel. Probably for this reason within the same length of experiments (about 10 hours) МСР-5 had too little time left for the “fast” corrosion period, and it was not enough to complete the corrosion process. As a consequence, the structure of interaction zone formed in МСР-5 has an irregular character and temperature distribution on the final boundary of interaction with the specimen is also essentially non-uniform.
2. Correlation for the corrosion rate (for the “fast” corrosion period) provided by the single experiment МСР-5 has a qualitative agreement with a similar correlation previously produced for the Russian vessel steel corrosion, though it has a different numerical coefficient.
3. The temperature at which corrosion of the European vessel steel stops and the corresponding corrosion depth depend on the same mechanisms as applied to the Russian reactor vessel steel. The lowest temperature at which corrosion stops is close to the eutectics temperature in the U-Zr-Fe system.
4. Additional experiments are required for development of a kinetic model describing corrosion behavior during interaction of European RPV steel with suboxidized corium. Those experiments should be conducted with varied process parameters such as oxidation index, melt composition, and heat flux from melt to steel. 
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