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ABSTRACT

The report presents a description and basic results of MC9 test of the ISTC METCOR Phase 2
Project carried out in the NITI, Sosnovy Bor, on the “Rasplav-3” test facility.

The test focused on corrosion of vessel steel at its interaction with molten corium C-30 and

molten stainless steel, in argon, the maximum temperature at the interaction interface being
1400°C.
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Introduction

In accordance with the predicted scenarios of a severe accident development, the pool forming at
the reactor vessel bottom would contain molten metal along with the oxidic melt. The OECD
MASCA Project has shown the metallic part of the mentioned melt to contain U and Zr in
concentrations which depend on the degree of Zr oxidation and the mass fraction of steel.

The tests MC6, MC7 and MC8 performed in the framework of METCOR Phase 2 Project
yielded data on kinetics and maximum depth of vessel steel corrosion at the interaction with
suboxidized molten corium.

MC9 was aimed at determining characteristics of the corrosion process during the interaction
between vessel steel and molten metal which had formed in the pool bottom part as aresult of a
prior interaction between suboxidized molten corium and stainless steel.

1. Experimental conditions and primary results

1.1. Test facility layout and charge composition

The design of furnace and steel specimen, schematics of the gas-aerosol sampling and the above-
melt atmosphere in MC9 did not differ from those used in MC6, MC7 and MC8 [1]. The
corresponding diagrams and pictures are given in Figs. 1.1.1-1.1.3. The technique of temperature
survey also did not differ from that applied in previous tests. The exact locations of
thermocouple junctions are presented in Table 1.1.

The total mass of the loaded charge amounted to 2000 g, and the calculated height of the oxidic
melt pool was 65 mm.

Charge composition:

1800 g 76.2% UO2 + 9.3% ZrO2 + 14.5% Zr (mass %), of which a 5-mm layer of C-32
corium crushed down to particles sized less than 50 pm was put on the specimen top.
200 g of stainless steel of 08Kh18N10T grade.

The oxygen-free above-melt atmosphere was produced using the high-purity argon.
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1 — water-cooled pyrometer shaft; 2 — water-cooled cover; 3 — water-cooled electromagnetic screen; 4 —
quartz tube; 5 — crucible section; 6 — inductor; 7 — mdt; 8 — acoustic defect; 9 —molten ZrO,; 10 — ZrO,
powder heat insulation; 11 — vessel steel specimen; 12 — top specimen calorimeter; 13 — bottom specimen
calorimeter; 14 — kaolin wool heat insulation; 15 —ultrasonic sensor; 16 — thermocouples; 17 — crust; 18 —
el ectromagnetic screen; 19 — uncooled dectromagnetic screen; 20 — cylindrical support of the specimen.

Fig. 1.1.1 - IMCC furnace schematics

Uppe caloimeter

Fig. 1.1.2 — Vessel stedl specimen
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1 — Argon cylinder; 2 —silica gel dehumidifier; 3 — cyclone; 4 — pyrometer shaft; 5 — crucible; 6 — quartz
tube, 7 — water-cooled cover; 8 — aerosol pathway; 9 - LAF filters, 10 — fan; 11 — vacuum pump; 12 —
oxygen sensor; P1-P4 — pressure gauges; G1, G2—flow meters, G3-rotameter; T1-T3 — thermocouples.

Fig. 1.1.3-Gasin and out

Table 1.1 — Thermocouple hot junction locations

r, mm h, mm (distance
Thermocouple | a° (horizontal (distance from f’rom tﬁle melt
No. angle) the specimen .
i facing top)
axis)
0 10 0
TCO1
90 10 2
TCO02
45 10 4
TCo3 135 10 7
TC04 TCO5
270 10 6
TCO06
180 10 8
TCO7
225 10 20
TCO8
315 29 0
TCO09
90 29 2
TC10
TC11 45 29 4
225 29 20
TC12
TC13 180 29 40
45 7.5 104

1.2. Experimental procedure

Before the test, the furnace was blasted with argon for 10 minutes at 10 I/min. It was followed by
the startup heating and molten C-32 corium pool production with a crust above its surface, at
Z~10 mm and Z:=20 mm (Z. is the distance from the electromagnetic screen upper edge to the
specimen upper top, and Z is the distance from the inductor lower coil to the specimen upper
top). Then the pool of molten C-32 corium has been produced and homogenized.

According to thermocouple readings, at 1760 sec the temperature on the specimen top reached ~
650 °C. Melting of the charge had ended by 2250 sec, as it was confirmed by stabilization of
power extracted from the cold crucible by cooling water, and the specimen heating-up has been
going since then. By 3236 sec the pool depth was approximately 70 mm and the bottom crust
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thickness was 3 mm. At 4200 sec readings of the upper thermocouples reached the
calculated values. According to the test plan, the temperature on the specimen surface was
stabilized by the generator regime at 1400 °C (upper thermocouple) and at 1290 °C (next
thermocouple TC 02). At 4633 sec the first portion of steel was introduced on the molten pool
surface and followed by the 2" one at 4654 sec. The introduction of metal was accompanied by
the drop of temperature of both the melt and specimen. At the same time, the generator regime
has virtually not changed. 70 sec after the introduction of the 2™ portion of metal, the molten
steel drowned. The temperatures of both the melt and specimen kept decreasing. This effect was
conditioned not only by melt cooling with the introduced steel, but also by changes in the
electromagnetic characteristics of the system after formation of the metal-oxidic pool. As the
result, the melt surface got covered with an oxidic crust. To increase the specimen upper top
temperature to the desired value, the generator regime has been stepped up, the screen shifted
downwards twice for 5 mm each time (to atain Z. =0) and the cold crucible with the melt shifted
upwards 3 times for 5 mm each time (to attain Z=5 mm).

At 5660 sec the temperature profile in the specimen attained the calculated values, and further
on, according to the test plan, the temperature regime stabilization was provided for ~ 10 hours
and measurements were made during the vessel steel ablation at the interaction with the melt.
Aerosols were sampled throughout the test. At 50220 sec heating was disconnected and the ingot
with specimen was cooled down in argon.

Figs. 1.2.1 — 1.2.7 show the results of temperature measurements, as well as changes of electrical
parameters, heat and electrical power.

An ultrasonic sensor [1] was used for the in situ measurements of the specimen ablation depth.
The results of measurements are given in Section 2.4.
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Uan and lan —anode voltage and current; Uind and lind — inductor voltage and current; Igr — valve grid
current; Uk — signal, proportionate to voltage at the generator secondary circuit.

Fig. 1.2.1 —History of the induction furnace electrical parameters
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Fig. 1.2.3 - Thermocouple readings and generator regimes after metal introduction into

molten corium
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Fig. 1.2.4 — Temperature at the melt surface
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Qc_up — power extracted into upper calorimeter; Qc_low — power extracted into lower calorimeter;
Qekr — power extracted into upper screen; Qscha — power extracted into pyrometer shaft; Qcov — power
extracted into crucible cover.

Fig. 1.25-History of electromagnetic and thermal power extracted into different furnace
components
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Fig. 1.2.7 —History of electromagnetic and thermal power extracted into crucible and
inductor, and of inductor power factor
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2. Posttest analysis

2.1. Ingot macrostructure

The furnace disassembly showed the crucible sections to be covered with a layer of aerosols (see
Fig. 2.1.1). The mass of aerosols collected from the crucible sections amounted to 74.4 g. The
mass of the crust above the melt was 32.3 g.

At the extraction of the corium ingot and steel specimen from the crucible, the oxidic ingot
separated from the metallic specimen and partially broke (Fig. 2.1.2). A fragment of the oxidic
ingot and the steel specimen from which templates for further analysis were produced, had been
separately embedded in epoxy. Then the steel specimen was cut along its axis. Fig. 2.1.2 shows
the oxidic ingot extracted from the crucible, and the steel specimen top after the test. The corium
ingot height was approximately 60 mm. Thickness of the skull between the corium ingot and
steel specimen was about 1 mm. Fig. 2.1.3 that shows the longitudinal section of the steel
specimen, features a big pore (shrinkage cavity) in the specimen upper part. The interaction zone
boundary is quite distinct, while the zone itself consists of two parts —lower and upper.

Aerosols

Ingot surface

Crucible sections

Fig. 2.1.1 - Crucible after the test

Corium
ingot

Vessel steel
specimen

Crucible
sections

Fig. 2.1.2 - Oxidic ingot and steel specimen extracted from the crucible
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Fig. 2.1.3 - Template cut from the oxidic ingot, and the steel specimen longitudinal section

2.2. Physicochemical analysis

2.2.1. Initial components analysis

When preparing the test, the charge components. urania, zirconia, the steel introduced into the
melt, metallic zirconium, as well as the vessel steel witness specimen have been checked for the
main substance and impurities content. The powdered urania was checked by thermogravimetry
and the oxygen/uranium ratio was found to equal 2.0. The composition of charge components
and of the steel introduced into the melt in MC9 isgivenin Tab. 2.2.1.

Table 2.2.1 — Composition of corium charge componentsin MC9

Main
Components substance Impurities, mass % Notes
content
mass %
Uo, o _
Fe<0.03; As<0.0003; CuO<0.01; Certificate data;
owder, <200 mm U0,>99.0 ’ R y _
P d|q)erSV|ty 2 phOSphaIeS<0002, chlorides<0.003. thermogra\” metry
ZrO, Al,03<0.03; Fer03<0.05;
(ZrO+HfO,) | Ca0<0.03; Mg0O<0.02; SiO,<0.2; e
pov(\:/iQer, <.10.? fm >99.3 Ti0»<0.1; P,0s<0.15: Certificate data
ISpersivity (NaO+K,0)<0.02.
Zr
H6-1 metallicalloy | zr >99.0 Nb<1.0 XRF
Stedl . )
' Si-0.55; S-0.004; P-0.034; Ni-10.4;
OsKgrlasd':lOT Fe>69.14 | Mn-1.31: Cr-17.9: Cu-0.18: Ti-0.48. XRF

2.2.2. Material balance of the test

In order to make the material balance of MC9, the initial charge components and fused products
were weighed with accuracy up to 0.1 g. Then the fused products were subjected to
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physicochemical analysis, the results of which were used for making material balance of
components.

Material balance of componentsin MC9 isgiven in Tab. 2.2.2.

Table 2.2.2 -MC9 material balance

Introduced into the melt Collected after the tes, g
E:<05réunn:n()j-27 150.0 Rod sample 14.9
uo, 1371.6 Above melt crust 32.3
yA(®)) 166.5 Ingot 1686.7
Metallic Zr 261.8 Skull from the surface of metal 12.7
Steel 0BKh18N10T 198.7 Aerosols from filters** 88.3

Aerosols from the bottle? (kxon6s1), crucible

) . 229.2
sections and pipes
Spillages* 56.4
> 21486 | X 2120.5

Debalance 28.1

*- Powders (remaining charge, splashes, aerosols).
**. Two large-area filters were used in turn during the test. The mass of aerosols collected from
the 1% filter was 36.9 g and 51.4 g from the 2™ one.

The debalance, amounting to less than 1.3% of the introduced charge, is due to the aerosols lost
during the cleaning of the clogged gas-aerosol lines.

2.2.3. XRF of the witness specimen and fused products

The elemental composition of the fused products was determined by XRF using the SPARK-1M
and SPECTROSCAN MAX-GV spectrometers [2]. The results of the vessel steel witness
specimen composition analysis are given in [2].

The remaining parts of the oxidic ingot, above-melt crust, skull from the steel specimen surface
and rod sample were separately crushed into particles sized below 200 um and then average
samples were taken by quartering. The average samples were further ground into particles sized
less than 50 um and analyzed. All the preparatory works were carried out in argon. Tab. 2.2.3.1
contains the XRF results for the fused products.

Table 2.2.3.1 - XRF resultsfor the fused products

Content, mass %
Sample
U Zr Fe Impurities and O*
12.5
Ingot average sample 63.7 20.3 29 (Cr-0.1,Ni-0.2, S-
0.3)
18.7
Above-melt crust 42.1 8.5 21.1 (Cr-5.0, Ni-2.0, S-
0.8, Mn-1.8)
. 14.9
Skl]f” from the steel specimen 64.5 11.8 7.2 (Cr-0.7, Ni-0.5, Si-
surtace 0.1, Mn-0.3)
Rod sample** 65.9 21.6 <0.1 124

*) O and impurities determined from the residue.
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**) The rod sample is partially oxidized; the sample has been analyzed only for the sake of
making the elemental material balance.

Notable is the big difference in iron content — from 0.2 to 21.1 % — in the fused products, as well
as the presence of components of the stainless and vessel steels (manganese, chromium, nickel
and silicon) in the skull and especially in the above-melt crust. This is determined by their
evaporation because of strong superheating for almost 1000 °C above the steel melting
temperature, the melt temperature being around 2500 °C, and long duration of the test.

For determining the elemental composition of the interaction zones, 2 plates (No.1 and No.2)
were cut out from the steel specimen (see Fig. 2.2.1). They represent flat polished pieces of
metal 10—15 mm in diameter and 4-5 mm thick. Each of them was subjected to XRF from two
sides, i.e. from top and bottom.

Corium

Skull
Crust

Corium with increased
metal concentration

Pore

Upper zone of interaction

.~ Lower zone of interaction

\

-~ Steel sample

Fig. 2.2.1 - Location of the plates cut for XRF from the interaction zone

Tab. 2.2.3.2 presents the XRF results for the said plates cut from different layers of the
interaction zone.

Table 2.2.3.2 - XRF resultsfor the steel platesfrom the interaction zone

Content, mass %
Sample
U Zr Fe Cr Ni Mn Ti

PlaeNoitop | 4099 | 971 | 4694 | 112 0.97 0.21 0.03

Plate No.1 264 | 2568 | 4960 | 090 0.2 0.22 0.03
bottom

PlaeNo2top | 2443 | 2271 | 5072 | 092 0.97 0.22 0.03

Plate No.2 3574 | 542 | 5596 | 154 1.04 0.26 0.03
bottom
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Al1l7
It may be seen from the results of analysis that the elemental composition of the
interaction zone upper layer bottom and that of the lower layer top are almost the same.
However, the compositions of top and bottom of the plates from each layer, and of the lower
layer bottom differ significantly: by almost a factor of two for U and 2.5 — 4 times for Zr.

2.2.4. Chemical analysis of the fused products

Both the corium ingot average sample, aerosols collected from filters 1 and 2, and skull from the
surface of metal have been checked for the content of ions of U, Fe and Zr° The concentration of
U was determined by spectrophotometry with arsenazo 111 [3, 4]. Determination of iron mass
concentration was done by photocolorimetry with orthophenanthroline. [5-7].

The final molten corium oxidation degree was calculated on the basis of the content of free
zirconium in the melt. The volumetric method [8, 9] was applied to determine free zirconium in
corium. The final degree of corium oxidation corresponded to C-45.

The results of Zr°, Feand U determination are given in Tab. 2.2.4.1.
Table 2.2.4.1 — Chemical analysis of corium ingot

M ethod of detection Photocolorimetry Volumetric,
Sample U | Fe Zr°
P mass %
Ingot average sample 62.00 2.9 12.30
Skull from the surface of 63.47 15.9 908
metal
Aerosols from filter 1 9.29 63.9 -
Aerosols from filter 2 11.18 75.2 -
Tab.2.2.4.2 givesthe errors of the analyses.
Table2.2.4.2 - Analyseserrors
Element Error, % rel. Detection method
U 5 Photocolorimetry
zr° 10 Volumetric
Fe 5 Photocolorimetry
U
Zr 5 XRF
Fe

A comparison of the XRF and chemical analyses results of the main components in the fused

products has shown them to be in satisfactory accord (Tabs. 2.2.3.1 and 2.2.4.1).

2.2.5. Determination of aerosols release rate and composition

The conducted posttest analyses yielded quantitative and qualitative characteristics of the

aerosols generated in MCO.
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Conditions of aerosol sampling:

1. During the starting regime and further up to 22930 sec aerosols were sampled to filter 1.

2. From 22930 sec till the end of the test aerosols were sampled to filter 2.

3. The carrier gas flow rate was constant throughout the test.

4. The aerosol sampling does not take into account changes in the adhesive ability of cold
surfaces due to the aerosols build-up.

The mass of aerosol deposits on the filters was determined by the gravimetric method using the
VLR -200G laboratory equal-arm balance of the 2™ class. The accuracy of weighing was +0.12
mg. A special technique employing exposure in the exiccator with concentrated sulfuric acid was
developed for both preparing the filters for the test and measuring the deposits.

In the course of the test, a part of aerosols deposited on the furnace sections and lines' (transport
losses), while the greater part was collected on the filters. The following procedure of calculating
the aerosol generation rate has been worked out for determining the aerosol release rate taking
into account transport losses in the furnace lines.

Designations:

M® - mass of total aerosols collected in the furnace, g;
mMs - mass of total aerosols collected from all filters, g;
Mg — mass of aerosols collected from respective filters, g;

t £ — time of sampling to filters;
k — correction factor for aerosol losses;
V5 — average total aerosol release rate, mg/h;
V%S _ average total aerosol deposition rate in the lines, mg/h;
Ve —rate of aerosol deposition on the filters, mg/cm?h;
S - melt surface area, 39.6 cm?.
The mass of aerosol deposits in the lines and on filtersis calculated as:
M %%=k-V %) Dt ). (1)

The mass of total aerosol deposits on the filters:
Me=(1-K)-V %Dl ). (2

The mass of total aerosol deposits in the furnace through the test is a sum of aerosols deposited
in the lines and on filters throughout the te<t.

MOSZS mdeposp(i). (3)
By substituting expression (1) into formula (3), we obtain:
k
M =" xmg). 4
s =13 {Ms) (4)

Therefore, the correction factor for the aerosol losses equals:

! The determination of aerosol deposits takes into account masses of aerosols that deposited in the gas-aerosol lines,
on the crucible surfaces, quartz tube and cover.
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M2
k:—so' (5)
(ms) +Mg

By substituting expression (5) into formula (1), we obtain:

MINS
MER® =TTt . (6)
mS + M S
Consequently,

0

M

depos _ S

IIIF(i) - xm
“IS

F i) - 9)

The deposition rate at each filter is calculated as follows:

depos
mc. + M.,
Ve, =_FO FO (10)
SXDt )

By substituting expression (9) into (10), we obtain the final formula for calculating the aerosol
deposition rate (including that for each element), taking into account the transport losses:

_(mg+Mg) Mg,

Ve = .
o my DtF(i)>6

(11)

The elemental composition of aerosols was determined by XRF. Tabs. 2.2.5.1, 2.2.5.2 and Fig.
2.2.2 contain the data on the aerosol composition and on the calculated release rates taking into
account the transport losses.

Table 2.2.5.1 — XRF results for aerosols

Content, mass %
Sample
U Zr Fe Cr Ni Mn Ti
Aerosols from
oo 1853 | 1.02 58.66 | 1346 | 4.02 1.75 0.06
Aer?”sf;f {rom 9.31 0.22 6404 | 1988 | 410 1.16 0.03
Aer?”sf: ;rom 1083 | <001 | 7898 | 310 5.45 017 | <001

Table 2.2.5.2 - M elt componentsrelease rates calculated from filter depositswith an
account for lossesin the gaslines

Rates of elements release from the melt (filters operating; osses in gas
Sample Et>i<rpnowsre lines taken into consideration), mg/cm?-h.
© U Zr Fe Cr Ni Mn Ti
Aer?ﬁf: Irom 21759 5164 | 122 | 35524 | 11028 | 2274 | 643 | 017
Aergf?:;rom 26724 6812 | 006 | 496.78 | 1950 | 3428 | 107 | 006
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Fig. 2.2.2 — Aerosols and separate elementsrelease ratesin MC9

It is evident from the obtained results that both components of the stainless steel added to the
melt, and then the vessel steel components were intensively evaporating during the test. Thisis
confirmed by a smaller content of chromium and manganese on the 2™ filter than on the 1¥ one.

2.2.6. Elemental balance of the test

To understand the processes that occurried in the test better, the elemental balance has been
made. Tab. 2.2.6.1 shows changes in the composition of corium at its interaction with vessel
steel. For this purpose, the data from Tabs. 2.2.6.2 - 2.2.6.8 were used.
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Table 2.2.6.1 -Componentsrepartitioning between corium and vessel steel in MC9

Aerosols Aerosols .
o e | o | 2
participatein Melt Added Melt Zzg%fgrseec durtlgtg the that Calculated cgmslog‘t?gn Imbalance
it | e | Caae | oo xRF | RS | cdouated | caouaten | (RS | TRECE | Gngots | (B
Element | charge Cripstsa? %) lding data (Tab. | % 4o taking taking |40 he O‘?} skull), XRF | -0
G XRF data (1-2), 2'2'3'4)’ (3+4), | oenpor | TP | endofthe | (57+9) d;‘;‘gsb' U,Zr, Fe
(Tab. g g 05385 o mmum test (Tab. g £0:5), g
2.2.6.2), acou o 2.2.6.9), 9
g g g g
1 2 3 4 5 6 7 8 9 10 11
U 1310.0 67.75 1242.25 1242.25 124 32.4 -116.95 1092.9 1082.62 10.28
Zr 4175 10.49 407.01 407.01 0.3 0.3 -29.36 377.35 343.90 33.45
Fe 6.827 -6.82 137.4 130.587 85.0 231 137.84 37.42 34.65 2.77
Cr 356 35.6 26.4 32.1 3.69 7.19
Ni 20.7 20.7 5.4 155 -0.03 517
Mn 2.6 2.6 15 18 0.83 1.68
Ti 1.0 1 0.0 0 -0.11 0.89
Impur. | 222.4 18.55 203.85 14 205.25 17 4.4 721 193.64 238.23
Total | 1949.9 103.60 1853.11 198.7 2044.99 132.7 3175 1727.49 1699.40

Y Re. Fe—theiron that did not participate in melting (6.82 g) was subtracted from the amount of introduced iron (137.4 g).

2 Two large-area filters operated during the test; the 1% one — from the beginning of the test through 22930 sec, and the 2™ one — from 22930 sec till
the end of the test. The XRF data were used for calculating masses of the elements composing the aerosols.
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Table 2.2.6.2 — Fused products composition by XRF

Al22

Impuri
U Zr Fe ties
Sample and O
mass % M
. . . Ingot 63.7 20.3 2.0 14.0 as, 9
Participated in melting g, 645 | 118 | 72 | 165
Did not participatein Crust 421 8.5 21.1 28.3
melting Rod 65.9 21.6 0 125
r
I ngot 1074.43 | 34240 | 33.73 | 236.14 | 1686.7
Participated in melting Skull 8.19 1.50 0.91 2.10 12.7
Total 1082.62 | 343.90 | 34.65 | 238.23 | 1699.40
Rod 9.82 3.22 0 1.86 14.9
Did not participatein Crust 13.60 2.75 6.82 9.14 32.3
melting Spillages 44.33 452 - 755 | 56.40
Total 67.75 10.49 6.82 18.55 | 103.60
Table 2.2.6.3 — Spillages composition’
. In terms
Loaded intothe :
furnace Spillages of
element
g % g g
uoO; 1371.6 89.17 50.29 U 44.33
ZrO; 166.5 10.83 6.11 Zr 4.52
©) 7.55
Total 1538.1 100.00 56.4 56.4

" Spillages were not analyzed; their composition was calculated assuming them to be composed
of UO,and ZrO, only in the proportion of crucible charge.

Table 2.2.6.4 —Introduced steel composition

'””S‘t’ggced S S Mn | Cr Ni Ti P cu | Fe |Tota
mass % 0.004 0.55 1.31 17.9 10.4 0.48 0.034 0.18 69.142 | 100
g 0.01 1.09 2.60 35.57 | 20.66 0.95 0.07 0.36 137.39 | 198.7
Table 2.2.6.5 — Interaction zone volume and mass
o M ass by the end
Layer in the Volume, Denst;a/ ’ of thetést
. . 3 /Cm )
interaction zone mm g G
Pore 8890 - -
Upper layer 16043 10.76 172.61
L ower layer 18510 9.76 180.64
Total 43443 353.25

") density calculated on the basis of additivity using the elemental analysis results
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Table 2.2.6.6 — Vessel steel initial composition in the interaction zone volume’

Al123

XRF data | Si Mn Cr Ni Mo \% P Cu Co As Fe Total
mass% | 0.25| 0.49 | 2.24 1 0.7 0.1 | 0.02 | 0.07 | 0.03 | 0.003 | 95.097
g 0.86 | 168 | 766 | 342|239 | 034 | 0.07 | 0.24 | 0.10 | 0.01 | 325.30 | 342.07
*_ density — 7.874 g/cm’
Table 2.2.6.7 - XRF and SEM/EDX data on theinteraction zone composition
Interaction| UY | zr® | Fe® | ¢ | Ni | Mn | Ti | Impurities
zone layer mass %
Upper 39.50 5.50 50.00 1.01 0945 | 0.215 0.03 2.800
L ower 27.00 | 11.00 | 56.00 1.23 1.005 0.24 0.03 3.495
G
Upper 68.18 9.49 86.31 1.74 1.63 0.37 0.05 4.83
L ower 48.77 19.87 | 101.16 | 2.22 1.82 0.43 0.05 6.31
Total 116.95 | 29.36 | 187.46 | 3.97 3.45 0.80 0.11 11.15

D SEM/EDX dataon U, Zr and Fe; XRF dataon Cr, Ni, Mn and Ti

Table 2.2.6.8 — Quantity of vessel steel that hastransited into the melt by the end of thetest

Initial composition of the | Final composition of Transted into the

Element interacting vessel steel, theinteraction zone, melt, g

g g ’
Fe 325.30 187.46 137.84
Cr 7.66 3.97 3.69
Ni 3.42 3.45 +0.03
Mn 1.68 0.80 0.88
Ti 0.11 +0.11
Impurities 3.94 11.15 +7.21
U +116.95
Zr +29.36

Fig. 2.2.3 presents a diagram of the material balance for MC9 concerning the main components.

A dlight discrepancy between the final melt composition analytical and calculated values is
explained by the error in calculation of the vessel steel/molten corium interaction zone volume,
aswell as by analysis errors.
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Fig. 2.2.3-Material balance diagram for M C9 concerning the main components.

2.2.7. Fused corium density

The bottle density of fused corium was determined from the average sample prepared by
quartering [10]. Ethyl alcohol was used as a picnometric liquid. The results of density

determination under normal conditions are presented in Tab. 2.2.7.

Table 2.2.7 — Fused corium bottle density determination

Sample

Fused corium particle size, rm

Bottle density, g/om®

Corium average sample

100-200

8.51

The density evaluation error was + 0.02 g/cm®,

In comparison to MC6 (8.52-8.78 g/cm®), MC7 (8.66-8.81 g/cm®) and MC8 (8.56 g/cnr’), the
bottle density of fused corium was lower in MC9 due to alower content of uranium as the result
of itstransition into the specimen (interaction zone).

2.2.8. Metallographic investigations
The performed investigations included:

- Pre-test inspection of steel;

- Steel analysis after the interaction with molten corium.
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Pre-test inspection of steel

Like for the tests MC5 — MCS, the specimen for MC9 was made from 15Kh2NMFA-A vessel
steel.

Metallographic pre-test inspecion of the witness specimen included analysis of its macro- and
microstructure, and microhardness measuring.

Metallographic investigations and microhardness measurements were performed in the same
way as in the pervious tests and showed the initial microstructure of steel to consist of the finely-
dispersed pearlite, and the integral microhardness of the witness specimen Hp, = 250 — 260.

Initial specimen dimensions measur ement

The dimensions were measured with the calipers with a scaling factor of 0.02 mm (20 nm) and
the MBC-9 stereoscopic microscope with a 14 um scaling factor and x50 magnification. The
distance A from the upper top to the first groove, distance B to the reference hole axis and
diameter D of the reference hole are given in Tab. 2.2.8.1. The points of measurements are
shownin Fig. 2.2.8.1.

Table 2.2.8.1 — Steel specimen measurements (mm)

Al A2 A3 A4 Bl BZ Dl D2
3.38 3.42 3.39 3.40 4.95 4.97 2.12 2.24

Specimen length L = 103.9 mm

Steel specimen profilograms

Templates have been prepared from the oxidic corium and steel specimen after the test. The
template of the steel specimen axial section was used for measirng the specimen ablation,
determining boundaries of the interaction zone and of changes in the macro- and microstructure
of steel. Figs. 2.2.8.2 and 2.2.8.3 show corium cutting patterns and the steel specimen axial
section.

Fig.2.2.8.4 shows profilograms of the zones that had formed in the steel specimen. Profile of the
steel specimen upper top has been plotted using the PMT-3 microhardness tester at x180
magnification, and the MBC-9 stereoscopic microscope a x50 and x100 magnifications. The
scale factor of micrometer screws and object plate of microhardness tester is 0.01 mm (10 nm).
The measurement error is £10 nm; it was determined with stage micrometer. The position of the
initial top plane was determined from the groove made in the specimen lateral surface at the
distance of 3.4 mm from the upper top. The images produced by processing macrosection
photographs on the computer were used for plotting all the characteristic boundaries (profiles).
Dimensions. specimen width (diameter) — along the X-line; height from the reference plane of
the initial top — aong the Y -line (top-down).

According to the results of measurements, the interaction zone upper boundary (gas pore
boundary) has deepened for 7.35 mm relative to the initial position of the specimen top, while
the depth of the coriunvsteel interaction zone reached 15.55 mm.
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A (A1, Az, As, Ag), B (By, By), D (D1, Dy)- points of measurements
Fig. 2.2.8.1 — Fragments of steel specimen lateral surface (a) and upper top (b) before MC9
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1 —longitudinal cutting plane
Fig. 2.2.8.2 - Corium and steel specimen cutting pattern

1 — reference plane of the initial upper top;
2 — profile of specimen top after the test;
3 — corium/specimen interaction zone boundary

Fig. 2.2.8.3 - Templates of the axial (longitudinal) cut of the steel specimen upper part
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1 — position of the initial top plane;
2 —boundary of the pore that had formed under the skull (profile of the steel specimen upper
top after thetest);
3 — boundary between the upper and lower parts of the interaction zone;
4 — interaction zone/specimen boundary;
5 —boundary of changes in macro-and microstructure of the steel specimen.
Fig. 2.2.8.4 — Profiles of the zones that had formed along the steel specimen axial section

Steel macro- and microstructure after the test
Grinding and polishing of the templates was done according to the standard technique.

In order to reveal the microstructure, the prepared microsection was etched and quality was
controlled by the metallographic microscopes. The etchants for both pearlitic and austenitic
steels [11] were used; their combination made it possible to reveal the macro- and
microstructure in the zone of molten corium high-temperature influence, macro- and
microstructure of the coriunvsteel interaction zone, as well as identify the microstructure of
steel.

The surfaces of microsections were photographed by a NIKON digital camera coupled with the
METALLUX metallographic microscope at x200, x400 and x900 magnifications.

Fig. 2.2.8.5 shows the macrostructure of the vessel steel specimen longitudinal section, with
marked boundaries of the interaction zone and of thermal influence (numbering corresponds to
Fig. 2.2.8.4), aswell as of the areas where steel microstructure was studied.

Figs. 2.2.8.6 — 2.2.8.10 (below) show steel microstructure in different zones of the ingot marked
inFig. 2.2.8.5.

The area, within which structural transformations occured in the specimen, spreads to a depth of
28 — 29 mm from its upper top.

The type of the resulting steel microstructure depends on the temperature gradient along the steel
specimen height, development of diffusion and recrystallization processes during the test, and on
the content of carbon in the mentioned zones. The specimen macro- and microstructure above
line (5) (Fig. 2.2.8.9) underwent transformations as the result of carbon and chromium
repartitioning. This zone may be regarded as local formations of steels with different content of
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carbon and alloying elements. The microstructure of steel areas near line (4) consists mainly of
ferrite with the carbon content of 0.02 %. Formation of a “new” ferrite-pearlite structure has
occurred between lines (4) and (5). Formation of such a microstructure may occur at cooling of
the steel heated above the critical point Acs from the austenitic state, repartitioning of carbon,
and a relatively high cooling rate. In such a case, different modifications of pearlite may be
obtained, that is, sorbite, troostite or martensite, even with the given small quantity of carbon.
The forming acicular pearlite may lead to an increased strength and hardness of steel and,
simultaneously, areduced impact strength and tensile strain..

The structure changes to the finely-dispersed pearlitic in the zone of line (5). The marked out
area - line (5), 1.5 - 2 mm wide, determines the boundary of thermal influence exerted by the
high-temperature molten corium on the steel specimen. The microstructure of this zone is
pearlitic (Fig. 2.2.8.8), showing spheroidizing of the initial pearlitic structure. The microstructure
above and below line (5) is shown in Figs. 2.2.8.9 and 2.2.8.10. Further, below the transitional
zone, microstructure of the initial steel remains intact.

10 mm

A-D — microsection areas where microstructure was photographed
Fig. 2.2.8.5-Macrostructure of the steel specimen upper part longitudinal section
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Fig. 2.2.8.6 — Steel microstructure below line (4), area A (etchantsfor austenitic steels)
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Fig. 2.2.8.7 — Steel microstructure below line (4), area A (etchantsfor pearlitic steels)
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Fig. 2.2.8.8 — Steel microstructure below line (4), area (B) (etchant for pearlitic steels)
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area (C)

Steel microstructure (above line 5) with magnified (b and d) fragments of

Fig. 2.2.8.9
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Fig. 2.2.8.10 — Steel microstructure with magnified fragments—area (D) below line 5
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2.3. Numeric modeling of the specimen temperature conditions

The calculations were aimed at determining the temperature conditions under which the melt
interacted with the specimen and, primarily, of the temperature at the interaction zone/specimen
boundary after it has reached the final position. Proceeding from this aim, the specimen
temperature condition at the final stage of the test has been modeled. According to the results of
posttest analyses, the melt was practically oxidic at the end of the test. The calculations of heat
fluxes and electromagnetic forces distribution in the oxidic melt and of its thermal
hydrodynamics have yielded the radial distribution of heat flux density at the specimen upper top
(see Fig. 2.3.1). Evidently, the maximum heat supply is in the central part of the top. The
procedure of the above calculations is described in [12]. The procedure of calculating the
specimen temperature conditions did not differ from that previously applied for analyzing the
results of MC5...MC8 [1]. The results of calculations for MC9 are given in Figs. 2.3.2 — 2.3.4.
The best agreement between the calculated and experimentally obtained temperature values was
achieved when the average density value of the heat flux to the specimen upper top (to the
interaction zone surface) was 1.1 MW/m?. The calculated power into the top calorimeter is 2.19
kW, this value being close to the experimentally obtained one (2.03 kW). It should be noted that
the comparison of calculations with the test used only the ungquestionably reliable thermocouple
readings. Besides, the given calculation results were obtained when radially uniform distribution
of heat flux density was specified (instead of the given in Fig. 2.3.1), as only in this case the
optimal agreement between the calculations and the test was achieved. The possible reasons of
the said effect are discussed in Section 3.4. It is evident from Fig. 2.3.4 that the temperature at
the interaction zone/specimen boundary (Tonary) 1S within the 1060...1100 °C range. Like in most
tests of the MC series, calculations of Tynary Value yielded a range of values which is due to the
asymmetrical attitude of the interaction boundary, apparently mainly because of the
asymmetrical heat sink down the specimen lateral surface. Therefore, the numeric modeling
using the axis-symmetrical formulation inevitably leads to the mentioned range of Tpnary Values.
The same figure shows a boundary between two layers within the interaction zone (see Section
2.5 for their peculiarities) and a boundary of the so-called thermal influence on steel structure
which coincides with the 730 °C isotherm. The latter value is close to the boundary temperature
of transtition from the pearlitic to pearlite-ferritic structure of carbon steels, and it indirectly
confirms the sufficient accuracy of calculations.

2.0E6

= 1.5E6

1.0E6

0.5E6

30 20 10 0 10 20 30
Radius, mm

Heat Flux Density, W/m?2

Fig. 2.3.1 - Distribution of heat flux density
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Fig. 2.3.2 - Distribution of temperature along the specimen height
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Fig. 2.3.3 —Radial temperaturedistribution at the specimen upper top
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1 —boundary of the area of thermal influence on sted structure (730°C)
2 —interaction zone boundary (1060-1100°C)
3 —boundary of layers within the interaction zone (1170-1250°C)

Fig. 2.3.4 — Temperature field in the specimen (fragment)

2.4. Ultrasonic measurements of the specimen ablation rate

Like in the previous tests, the aim of ultrasonic (US) measurements in M C9 was to determine the
kinetics of progress of the corium/vessel steel interaction zone boundary. The measurement and
data processing procedures were described in detail in the MC5, MC6, MC7 and MC8 reports
[1]. Test MC9 was started with the following values of the main parameters (Tab. 2.2.1).

Test MC9 was garted with the following values of the main parameters (Tab.. 2.4.1).

Table 2.4.1 —Initial values of main parameters

Parameter Notation Value Unit Note

Total specimen length L tot. 103.9 mm

Distance from the defect to the 1% point of 6.00 mm
l1 0.04 mm

temperature measurement from top

Distance from the defect to the 2™ point of 2.00 mm
[, 4.04 mm

temperature measurement from top
Initial distance from the defect axisto top D, 4.95 mm
Initial speed of sound in the specimen C 589 | knvs
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The value determined in the test for b =2~ (1) was1,9-10* )™

TC(T)

Al138

Fig. 2.4.1 shows a plane view of echogram from MC9 processed by the subtraction method [1].
The Y-line shows the echogram scanning time t (us). Curve 1 characterizes the temporal
position of a signal reflected from the interaction zone lower boundary.
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Fig. 2.4.1 — Plane view of echogram processed by the subtraction method

Fig. 2.4.2 shows the true depth of the interaction zone, measured from the initial position of the

specimen top, as a function of the test time H(t).
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Fig. 2.4.2 — Evolution of theinteraction zone depth in MC9

The convertion of At(t) (Fig. 2.4.1) into H(t) ( Fig. 2.4.2) used the correlations

H()
1 d

A = A —
2 A O cay

45000 50000

(1)
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where C(1)=Co / (1+T(1)), T(I):Ts+((jj-:- I

Ts and (Z—-:- are the top surface temperature and the temperature gradient in the specimen,
respectively;
Ts= 1510 °C, ?j—-:-: — 23.5 °C/mm (determined from the thermocouple readings by the least-

squares method).

From (1) we finally obtain:

).

(1+bT,)+ \/(1+ bT)? +b?j-:-C0Dt(t)

It should be noted that if Hmax is determined from (2), then expression (2) may be replaced with a
simpler approximate expression

H(D)= % CoDt(t)

1+b&g + AT Himax 0
€5 d 2
e

3).

a
For the conditions of MC9, the maximum absolute difference of (2) from (3) for H(t) is~ 0.1 mm

. . H . . . .
reached in the point H(t)= ';ax , while the maximum relative difference of (2) from (3)

amountsto ~ 2.5% at H(t)® O.

Notable is that none of the above evaluations use the data on signals reflected from the defect in
the specimen. However, id does not follow that the defect is not needed at all. The defect is
useful, at least for determining the value of B, for recording changes in the temperature field in
the space between the defect and the US sensor and introducing corresponding corrections to the
results of US measurements, especially when positional changes of the reflecting surfaces are
small and high precision is required.

It follows from the data given in Fig.2.4.2 that:

1. In MC9, the corium/vessel steel interaction zone lower boundary starts propagating at 1.5
mm/h and gradually slows down to 0.2 mm/h by the time of heating disconnection.

2. According to the results of US measurements in MC9, the maximum depth of the interaction
zone (Hmax) is 14.9 mm, it being in agreement with the posttest measurements. Himax exp. = 15.6
mm.

2.5. SEM/EDX analysis
Aerosols
The studied template, representing a section of the sintered aerosols flake removed from the

crucible wall, is shown in Fig. 2.5.1. The results of SEM/EDX analysis of aerosols are given in
Figs. 2.5.2- 25.4and Tabs. 2.5.1, 2.5.2.
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The SEM data allow a conclusion that aerosols represent a highly porous spongy structure,
consisting predominantly of the crystallized droplets of steel (Fig. 2.5.2, Tab. 2.5.1, point P1;
Fig. 2.5.3, Regs. 2 and 3; Fig. 2.5.4, Reg. 4). There also occur the UO,-based phase and the ZrO,
phase (Fig. 2.5.3, Tab. 2.5.2, points P1 and P2, respectively). The SEM/EDX data obtained for
aerosols suppose two possible mechanisms of their formation: 1) evaporation — condensation in
steam — deposition of the refractory components UO, and ZrO, in the form of ~ 1 um droplets
and films, 2) evaporation and condensation on the surface of the fusible, most volatile
components - Fe, Cr and Ni - in the form of ~ 1 um droplets. It should be noted that the
refractory components occupy ~ 1 vol. % of all aerosols, and their distribution within the volume
is sufficiently even.

The layered structure of aerosols observed in Region 4 (Fig. 2.5.4) may be due to such
peculiarities of the test, as superheated steel evaporation, changing of the temperature regime,
etc. The nature of large crystallized steel formations is connected with intensive evaporation of
the superheated steel during its presence in the molten pool and with the subsequent
agglomeration of the deposited aerosols.

Ingot oxidic part

A polished section of a half of the longitudinal section of the ingot oxidic part (Fig. 2.5.5) have
been prepared for SEM/EDX examination. The crystallized corium away from the interaction
zone (Fig. 2.5.5, Regions 4, 5, 6, 8 and 9), corium near the interaction zone (Fig. 2.5.5, Region
7), ingot peripheral part (Fig. 2.5.5, Regions 2 and 3) and drop-shaped inclusions (Fig. 2.5.5,
Regions 1, 5 and 8) have been studied.

The analysis of bulk corium far away from the interaction zone shows the presence of ~ 0.5 mass
% of iron in the crystallized corium upper part (Fig. 2.5.5, 2.5.9, Region 4, Tab. 2.5.6, Area
SQ1). The microstructure in this region, as well as in regions 6 and 9 (Figs. 2.5.5, 2.5.11 and
2.5.14) is analogous to that observed in the previous tests MC6 and MC7. The EDX examination
of Regions 2 and 3 (Figs. 2.5.5, 2.5.7 and 2.5.8) demonstrates the absolute absence of iron in the
peripheral parts of the crystallized ingot.

Investigation of corium near the interaction zone (Figs. 2.5.5, 2.5.11, 2.5.12, Regions 6 and 7)
has identified a sufficiently distinct boundary between the region with a relatively small iron
content (~ 1 mass %) (Fig. 2.5.11, Region 6, Tab. 8, SQ1) and the region containing 6 mass % of
iron and somewhat poorer in zirconium in comparison with the oxidic melt that had crystallized
in Region 6 (Fig. 2.5.12, Tab. 2.5.9, SQ1).

Also studied were the drop-shaped inclusions which had formed both in proximity to the
interaction boundary (Figs. 2.5.5, 2.5.6, Region 1) and in the central part of the crystallized ingot
(Figs. 2.5.5, 2.5.13 and 2.5.10, Regions 8 and 5). The analysis of drop-shaped inclusions showed
that before crystallization they represented a melt containing such components as U-Zr-Fe-Ni-
Cr-O and were close in terms of bulk composition. However, microstructurally the drop-shaped
inclusions differ quite much. At least 6 phases may be distinguished in the microstructure of the
crystallized drop-shaped inclusions:

The UgFe(O)-based phase with a small amount of nickel (Fig. 2.5.6, Region 1-1-2, Tab.
2.5.3, Point P1; Fig. 2.5.10, Region 5-1-1, Tab. 2.5.7, Point P1) has been recorded for all
the studied inclusions.

The uranium monoxide-based phase with small amounts of zirconium and iron (Fig.
2.5.6, Region 1-1-2, Tab. 2.5.3, Point P2) is present in the drop-shaped inclusion close to
the boundary with steel.
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The (Zr,U),Fe(Ni)(O)-based phase (Fig. 2.5.10, Region 5-1-1, Tab. 2.5.7, Point P2).
(Zr,U)Fe(O)-based phase (Fig. 2.5.10, Region 5-1-1, Tab. 2.5.7, Point P3) has been
identified in the drop-shaped inclusion from the ingot central part.

The Zr(U)Fe(Cr,Ni)2(O)-based phase (Fig. 2.5.6, Region 1-1-2, Tab. 2.5.3, Point P3), is
the basic one in the drop-shaped inclusion located in proximity to the interaction
boundary in the iron-enriched layer.

The ZrOg33-based phase with small amounts of iron, nickel and uranium (Fig. 2.5.10,
Region 5-1-1, Tab. 2.5.7, Point P4) has been recorded for the drop-shaped inclusion from
the ingot central part.

It should also be noted that the drop-shaped inclusion adjacent to the interaction boundary
features oxidic globules which serve as the centres of crystallization in the region (Fig. 2.5.6,
Region 1-1-1) and tegtify to the high oxygen potential of the final liquid.

The considered drop-shaped inclusions might have formed due to the displacement of fusible
components into the ingot central part in the course of the oxidic melt cooling and its subsequent
stratification into the metallic and oxidic components (Fig. 2.5.13, Fig. 2.5.10). Notable is that
smaller quantities of similar inclusions were also observed in MCB6.

Another distinctive feature is the extremely high porosity of the centra part of the crystallized
oxidic melt. It was not observed in the previous tests of the MC series. This feature may be due
to a strong shrinkage of the final liquid connected with the release of excessive oxygen during
crystallization of the metallized inclusions.

I nteraction zone

Macrostructurally, the interaction zone in MC9 represents a two-layer structure with shrinkage
cracks distinctly separating the zone from steel and one layer from another. Under the
crystallized corium ingot a spacious pore has formed because of shrinkage and due to the
considerable evaporation of iron from the steel specimen. It should be stressed that such a
macrostructure of the interaction zone is a new effect in the MC experimental series.

Three polished sections have been prepared for SEM/EDX investigations of the interaction zone.
Two polished sections represented the interaction zone upper layer with the skull adjacent to the
upper boundary (Figs. 2.5.15, 2.5.32) and another section represented a half of the longitudinal
section of the steel specimen with the interaction zone (Fig. 2.5.19).

Like in previous tests of the MC series, the EDX analysis of the bulk composition of steel near
the interaction zone and in the depth of the specimen did not register noticeable differences (Fig.
2.5.19, Regions 3, 2, 13 and 1; Fig. 2.5.21, Tab. 2.5.14, Point P1; Fig. 2.5.20, Tab. 2.5.13; Fig.
2.5.31, Tab. 2.5.21).

The SEM analysis of the interaction zone distinguishes at least three layers which are sufficiently
well separated from one another and possess characteristic microstructure (Fig. 2.5.36).

Let us consider the interaction zone structure along the “steel — crystallized corium” line, i.e.,
from the side of more fusible compositions.

At the steel/interaction zone boundary, in a layer about 1-2 mm thick (Fig. 2.5.36, layer 1), the
microstructure of the zone reminds that of the interaction zone in MC7, that is, cut crystalline
formations composed of Zr(U)Fes(O) spread throughout the layer and at the very boundary (Fig.
2.5.21, Tab. 2.5.14, Points P2 and P6; Fig. 2.5.22, Tab. 2.5.15, Point P1, Area SQ1; Fig. 2.5.23,
Tab. 2.5.15, Points P1 and P3; Fig. 2.5.24). Tak The boundary with steel has a tendency to
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smoothening following the temperature front (like in MC7), but still it is less smooth than in
MC6 and MC8. At the same time, there exist differences with MC7. Microstructurally, the layer
shows the dendritic type of crystallization between crystals (Figs. 2.5.21 - 2.5.24). Like in MC6
and 8, it is the iron-based phase that has the dendritic type of crystallization near the boundary
with steel (Fig. 2.5.21, Tab. 2.5.14, Point P3), while in the bulk of the considered layer the phase
that crystallizes dendritically has a gradiently changing composition of an uninterrupted
succession of solid solutions of the U(Zr)Fes(O)-type (Fig. 2.5.22, Tab. 2.5.15, Points P2 u P3).
In MC7 the said phase crystallizes in the form of 1) separate inclusions surrounded by the
eutectically crystallized melt, and 2) as a layer at the interaction zone periphery. Formation of
rare crystallites of the U(Zr)Fe;(O)-type along the boundary with steel should be mentioned (Fig.
2.5.23, Tab. 2.5.16, Point P2). Asin all other tests of the series, between the dendrites there is a
melt with the eutectic character of crystallization (Fig. 2.5.21, Tab. 2.5.14; Fig. 2.5.22, Tab.
2.5.15, Area SQ3). Unlike in MC7, the porosity observed above the layer in question is slight
(Fig. 2.5.25). Though the boundary with the overlying layer is smooth, it could not be correlated
with some characteristic isotherm (see Fig. 2.3.4). Besides, no shrinking crack was observed
between the overlying layer and the one in question. Apparently, this is associated with
similarity of the coefficient of thermal expansion for these layers, or with the possibility of the
overlying layer to assimilate or quickly transport the oxygen released by the crystallizing layer
below.

The overlying layer thickness (Fig. 2.5.36, layer 2) differs from 0.1 (in Region 7) up to 2 mm. Its
microstructure is given in Fig. 2.5.23, 5-3, Fig. 2.5.25, 7-2, Figs. 2.5.26, 2.5.28 and 2.5.29. The
basic, apparently, the most refractory phase in this layer is the Zr(U)Fe3(O) system, which forms
the frame structure surrounded by a melt with the eutectic character of crystallization. In the
lower part of the layer, a phase composed of Zr(U)Fe;(O) exists in addition to the frame phase
(Fig. 2.5.23, 5-3). The light edging of the frame phase attracts attention. Presumably, it is a solid
solution of the U(Zr)Fe;(O)-type (Fig. 2.5.25). It should be mentioned that the eutectic
crystallized around the frame phase is poorer in zirconium, if compared with the eutectic of the
below layer.

The next layer (Fig. 2.5.36, layer 3) is separated from the middle layer 2 by a wide shrinking
crack. A smooth transition of microstructure between these layers is worth mentioning. The
deposition of the ZrO,—based phase at the boundary between the layers has been recorded. It
proves that this layer is better saturated with oxygen than the previous one (e.g., see Fig. 2.5.29).
The frame structure in layer 3 is finer and has the dendritic character (Figs. 2.5.16, 2.5.30,
2.5.33), while the dendritically crystallized phase itself is a gradiently changing composition of
an uninterrupted succession of solid solutions from Zr(U)Fe;(O) to U(Zr)Fes(O). The
crystallized melt between the dendrites also had the eutectic character of crystallization. The
eutectic composition is close to the eutectic in the middle layer 2 of the interaction zone
(compare, e.g., Fig. 2.5.16, Tab. 2.5.11, SQ3 and SQ4 with Fig. 2.5.26, Tab. 2.5.18, SQ2).
Besides the mentioned phases, the (U,Zr)O,- and (Zr,U)O-based phases rarely occur in the
central zone (Fig. 2.5.16, Tab. 2.5.11, Points P1 and P2, respectively). Their presence along with
the availability of ZrO, confirms the high content of oxygen in the layer.

The bottom skull layer of corium, ~ 500 um-thick, is separated from the interaction zone by large
pores and represents by itself a mixture of the above-described microstructure and rounded
grains of the uranium-enriched U(Zr)O; solid solution. The latter phase occupies from 20 up to
50 vol. % of all the skull layer and does not form a continuous structure (Figs. 2.5.17, 2.5.18,
2.5.33, 2.5.34).
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When considering the distribution of components in the corium-steel ingot along its height, it
may be noticed that the concentration of iron is decreasing steadily in the steel-to-corium
direction. The crystallized oxidic ingot contains a zone with a considerably high content of iron,
which is separated by a smooth boundary from the crystallized corium above, and is adjacent to
the interaction zone upper boundary. This zone's peculiar features are the absence of a visible
microstructural difference with the above-located crystallized corium, and the absence of a
shrinkage crack between these layers. Undoubtedly, the considered structure is not a
consequence of crystallization processes and corresponds to some stationary state of the molten
pool. Such a structure may be a consegquence of the temperature gradient along the melt height,
which results in a lower temperature of the pool bottom layers. The melt in the pool bottom
layers has a higher viscosity due to the refractory phase crystallization and serves as an obstacle
of akind for levelling of components concentration in the system.

The abnormal uranium to zirconium ratio in the middle layer of the interaction zone also draws
attention. In contrast to the considered layer, such a distribution of components has never been
recorded in any crystallized layer of the interaction zone from any test of the MC series. Perhaps,
the temperature gradient in the interaction zone was high and the layer in question crystallized
from the melt that had formed in the interaction zone along the isotherm of the most refractory
component (probably, the Zr(U)Fes;(O) solid solution) crystallization. This layer kept growing
thicker as the interaction front advanced inside the steel specimen. This supposition is
corroborated by the microstructure of the zone, which is characteristic of slow crystallization and
represents a recrystallized accrete structure with a eutectic in the interphase space.

i
:"‘i i

Fig. 2.5.1 — Sintered aerosols template with regions marked for examination
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1-1
Fig. 2.5.2 —Micrographs of Region 1

Table 2.5.1 — Data on Region 1 EDX analysis
No. Fe Cr Ni | Mn | ~O

mass % 67.40 | 26.95 | 5.26 | 0.39 | -

mol.% 66.24 | 28.45|4.92|039]| -

P1

Fig. 2.5.3-Micrograph of Region 2 and 3

Table 2.5.2 — Data on Region 2 EDX analysis

No. % U Zr Fe ~0
mass% | 87.66 | - 0.35 | 11.99
PL |mol% 13577 . | 057 | 66567
mol.% 9830 | - 1.70
mass % - 74.00 - 25.98
P2 | mol.% - | 3332| - | 6668
mol.% - 100 -
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Fig. 2.5.5 - Template of theingot oxidic part with regions marked for examination
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1-2(SQ3)

Fig. 2.5.6 —Micrographs of Region 1
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Table 2.5.3 - Data on Region 1 EDX analysis

No. U Zr Fe Cr Ni ~0

mass %
° 40.69| 16.66 | 33.66 | 0.62 | 3.32 | 5.05

mol.%
SQ1 ° 1275 13.62 [ 44.97 | 0.88 | 4.22 | 23.55
mol.%

16.68 | 17.82 | 58.82 [ 1.16 | 5.52

mass %
° 16076 | 1083|1956 030 | 1.81 | 6.74

mol.%
SQ2 ® | 2159|1004 | 2963| 048 | 2561 | 35.65
mol.%

33.55( 15.60 | 46.04 | 0.75 | 4.06

mass %
° 169.93| 841 |1155| 0.29 | 0.88 | 8.93

mol.%
SQ3 ® |o2s07| 787 | 17.64| 048 | 1.28 | 47.65

mol.%
47.89| 15.03 | 33.70 | 0.92 | 2.45
mass %
° 180.05| 025 | 556 | - | 049 | 465
mol.%
P1 ° |as24| 036 |1283| - | 108 |37.49
mol.%
7717| 057 | 2053 - | 1.73
mass% | 90.45| 2.42 | 0.95 6.18
po | mol% |46.94| 3.28 | 2.09 47.69

mol.% 89.73| 6.27 4

mass% | 14.48 [ 30.55(48.37 | 1.17 | 2.95 | 2.47

P3 mol.% 4.0 | 22.49|58.18 1.51 | 3.38 | 10.35

mol.% 456 | 25.09|64.89| 1.68 | 3.77

Y
MBS | 4015 | 2140 744 | - | 2246]| 654
mol.%

P4 ° 11325|1755| 997 | - |2863]30.60
mol.%

19.09 | 25.29| 1436 | - |41.25
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2-1-1 2-2 (SQ1)
Fig. 2.5.7 —Micrographs of Region 2
Table 2.5.4 — Data on Region 2 EDX analysis
U Zr Fe ~0
mass% | 7494 11.04| - |14.02
SQ1 |mol.% |2399| 922 | - |[66.79
mol.% | 7224|2776 -
mass% | 74.85|11.17| - |13.98
PL |mol.% |2399| 934 | - |66.67
mol.% |71.97|28.03| -
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3 3-1(SQ1)

32
Fig. 2.5.8 —Micrographs of Region 3

Table 2.5.5 - Data on Region 3 EDX analysis

No. U Zr Fe ~0

mass% | 68,74 | 19.00| - |12.17

SQ1 |mol% |2295(16.63| - |60.43
mol.% |57.08|4202| -

mass% |g511| 324 | - |11.65

PL |mol.% |3190| 317 | - |64.93
mol.% |9096| 9.04 | -

mass% | g7.18| 226 | - | 1056

P2 |mol.% |3485| 235 | - |[6279
mol.% |9367| 633 | -
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Fig. 2.5.9 —Micrographs of Region 4

A150

Table 2.5.6 — Data on Region 4 EDX analysis

No. U Zr Fe ~0O

mass% |69.89|17.54| 0.54 | 12.02

SQ1 | mol.% 23.55(15.43| 0.78 | 60.24
mol.% 59.24 ( 388 | 1.97
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511
Fig. 2.5.10 —Micrographs of Region 5

Table 2.5.7 — Data on Region 5 EDX analysis

No. U Zr Fe Cr Ni Mn ~0

P1 mass % | 93.37 - 4.30 - 0.41 - 1.92
mol.% | 65.79 - 1291 | - 1.16 - 20.14
mol.% | 82.38 - 16.16 | - 1.46 -

P2 mass% | 54.88 | 22.28 | 15.62 | - 2.70 - 4,52
mol.% | 21.29| 2256 |25.83| - 4.25 - 26.06
mol.% | 28.80| 3051 |34.94| - 5.75 -

P3 mass% | 43.16 | 21.71 | 30.47 | 0.33 0.66 - 3.67
mol.% | 14.96 | 19.63 | 45.02 | 0.53 0.93 - 18.93
mol.% | 18.46 | 24.22 | 55.53 | 0.65 1.14 -

P4 mass% | 5.36 | 78.51 | 4.46 - 1.31 - 10.36
mol.% | 1.38 | 52.71 | 4.89 - 1.37 - 39.64
mol.% | 2.29 | 87.34| 8.11 - 2.27 -
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6(SQ1)
Fig. 2.5.11 —Micrograph of Region 6

Table 2.5.8 — Data on Region 6 EDX analysis
No. U Zr Fe ~O
mass% |69.33|17.73| 1.27 | 11.66
SQ1 | mol.% 2354 (1571 | 1.84 | 58.9
mol.% 57.29 | 38.23| 448

7-1(SQ1)

Fig. 2.5.12 —Micrographs of Region 7
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Table 2.5.9 — Data on Region 7 EDX analysis
No. U Zr Fe ~O
mass% | 67.99|15.46| 6.21 | 10.33
SQ1 | mol.% 23.56 [ 13.98| 9.17 | 53.28
mol.% 50.44 | 29.93 | 19.64

4501 i

8-1(SQ1)

Fig. 2.5.13 -Micrographs of Region 8

Table 2.5.10 — Data on Region 8 EDX analysis

No. U Zr Fe Cr Ni O

mass% | 3521 | 22.43|36.02| 0.71 | 3.31 | 2.32

SQ1 |[mol.% |11.80(19.61|51.45| 1.09 | 4.50 | 11.55
mol.% |1334|22.17|58.17 | 1.23 | 5.09
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9
Fig. 2.5.14 —Micrograph of Region 9

Fig. 2.5.15 - Template of the interaction zone upper layer with regions marked for
examination
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1-1-2 (SQ4) 1-2
Fig. 2.5.16 —Micrographs of Region 1
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Table2.5.11 — Data on Region 1 EDX analysis

A1 56

No. U Zr Fe Cr Ni Mn ~0O
mass% | 3824 | 9.19 | 46.79 | 1.23 | 1.17 | 0.18 | 3.19

SQ1 mol.% | 11.94 | 749 | 6226 | 1.76 | 1.48 | 0.25 | 14.83
mol.% | 14.01 | 879 | 73.09 | 207 | 174 | 0.29

502 mass% | 41.06 | 7.28 | 49.16 | 1.36 | 0.92 | 0.23 -
mol.% | 14.64 | 6.77 | 7470 | 222 | 1.33 | 0.35 -

s03 mass% | 40.09 | 1.54 | 54.81 | 2.06 | 1.11 | 0.38 -
mol.% | 13.67 | 1.37 | 79.65 | 321 | 1.54 | 0.56 -

S04 mass% | 39.10 | 1.35 | 5599 | 224 | 1.02 | 0.31 -
mol.% | 13.17 | 1.18 | 80.36 | 3.46 | 1.39 | 0.45 -
mass% | 78.70 | 9.54 | 0.45 - - - 11.31

P1 mol.% | 28.74 | 9.09 | 0.69 - - - 61.47
mol.% | 7459 | 23.60 | 1.80 - - -
mass % | 56.40 | 33.55 | 0.40 - - - 9.64

P2 mol.% | 19.51 | 30.28 | 0.60 - - - 49.62
mol.% | 3872 | 60.10 | 1.18 - - -
mass% | 1.58 | 72.35 | 0.46 - - - 25.59

P3 mol.% | 028 | 3294 | 0.35 - - - 66.43
mol.% | 0.81 | 98.15 | 1.04 - - -

P4 mass% | 56.09 | 3.30 | 39.05 | 0.48 | 1.08 - -
mol.% | 23.60 | 3.62 | 70.01 | 0.93 | 1.84 - -
mass% | 51.22 | 511 | 4190 | 050 | 1.14 | 0.13 -

PS mol.% | 2044 | 532 | 71.25| 092 | 1.84 | 0.23 -

PE mass % | 2348 | 19.87 | 54.34 | 0.90 | 1.08 | 0.33 -
mol.% | 741 | 1637 | 73.09 | 1.30 | 1.38 | 0.45 -

b7 mass% | 23.74 | 19.82 | 54.11 | 0.89 | 1.07 | 0.37 -
mol.% | 751 | 1636 | 7297 | 1.29 | 1.37 | 0.50 -
mass% | - 73.12 | 1.23 - - - 25.65

Pg |Mol% | 13303 001 | - : - | 66.06
mol.% - | 97.34| 266 - - -
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2-1-1 2-2
Fig. 2.5.17 —Micrographs of Region 2
Table 2.5.12 — Data on Region 2 EDX analysis
No. U Zr Fe ~O
mass % | 86.66 | 1.22 | 0.33 | 11.79
P1 mol.% | 3251|119 | 052 | 65.78
mol.% |94.98|3.49 | 153
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3
Fig. 2.5.18 —Micrograph of Region 3

I lem
1 1

Fig. 2.5.19 — Template of the specimen longitudinal section, interaction zone included, with
regions marked for examination
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Al159

2(SQ2)
Fig. 2.5.20 —Micrographs of Regions 1 and 2

Table 2.5.13 — Data on Regions 1 and 2 EDX analysis

No. Fe Cr Ni Mn
so1 mass% | 96.08 | 2.26 | 1.12 | 0.53
mol.% 05.96 | 2.43 | 1.07 | 0.54
s02 mass% |96.32|2.16|0.98 | 0.54
Moi.% 96.21 | 2.31 | 0.93 | 0.55

311

Fig. 2.5.21 —Micrographs of Region 3
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Table 2.5.14 — Data on Region 3 EDX analysis

A160

No. U Zr Fe Cr Ni | Mn | ~O

mass% |28.49| 2.82 | 64.85|221| 1.12 | 040 | 0.12

SQ1 | mol.% 8.62 | 222 | 83.64|3.06| 1.38| 052 | 0.56
mol.% 8.67 | 2.24 | 84.11|3.08| 1.38 | 0.52

mass% |24.38]4.22 |66.65]225|0.68 |0.48 | 1.33

SQ2 [mol.% [6.88 [3.11 |80.15|2.91|0.78 | 0.59 | 5.59
mol.% |7.29 [329 [84.89]3.08]0.83|0.63

py | Mmass% - - 19637208 102|053 -

mol.% - - | 96.26|223|097 054 | -

mass% | 8.97 |17.62|64.98| 1.30 | 0.88 | 0.29 | 5.96

P2 [ mol.% 2.08 | 10.66 | 64.22 | 1.38 | 0.82 | 0.29 | 20.54
mol.% 262 | 13.42]80.82| 1.74| 1.04 | 0.36

mass% | 058 | - |94.36]3.86]0.72|0.43 | 0.05

P3 | mol.% 014 | - |94.42]414]069|044| 017
mol.% 014 | - |9459|4.15/|0.69|0.44

mass% |51.05| 44 |41.95|/036|136| - | 0.89

P4 [ mol.% 195 | 439 |6831]062| 21 | - | 507
mol.% |2055]| 462 | 71.96|0.66 | 2.22| -

mass% |44.40| 7.08 [ 4579|059 | 1.12| - | 1.02

P5 |[mol% [1584| 659 |69.61|096|162| - | 539
mol.% |16.74| 6.96 | 7357|101 | 1.71| -

mass% | 828 |17.92|64.67|140| 1.12| - | 6.61

P6 mol.% 1.88 | 10.63 | 62.66 | 1.45| 1.03 | - |22.35
mol.% 242 | 1368|8069 |1.87| 133 -
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4-2-1 (SQ1)
21(501
A N

4-2-3 4-2-4

Fig. 2.5.22 —Micrographs of Region 4
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Table 2.5.15 — Data on Region 4 EDX analysis

Al 62

No. U Zr Fe Cr Ni | Mn | ~O

mass% | 7.17 | 17.79| 64.97 | 1.40 | 0.99 | 0.32 | 7.36

SQ1 | mol.% 1.59 | 10.27 | 61.30 | 1.42 | 0.89 | 0.31 | 24.22
mol.% | 2.09 | 13.56 | 80.89 | 1.87 | 1.18 | 0.41

502 mass% |35.10| 2.90 |58.99|1.61|1.08|0.33| -

mol.% 11142 | 2.46 | 81.83 (240|142 | 046 | -

mass% |29.42| 284 | 6375|212 |1.01 | 0.34 | 0.51

SQ3 | mol.% 8.88 | 2.23 [ 81.98|293|1.24|0.45| 2.30
mol.% 9.08 | 228 [8391|3.00|1.27 | 0.46

mass% | 8.64 | 19.02 | 65.33| 1.43 | 1.05 | 0.33 | 4.20

P1 mol.% 2.10 | 12.07 | 67.68| 1.59 | 1.03 | 0.35 | 15.18
mol.% 248 | 14.23]79.79| 1.88 | 1.22 | 0.41

P2 mass% |56.62| 255 | 39.34| 0.31 | 1.18 | - -

mol.% |23.87| 281 |70.70| 0.60 | 2.02 | - -

mass% |36.22|10.48]49.14| 063 | 1.34 | 0.31 | 1.87

P3 mol.% [11.66| 8.80 |67.45| 093 | 1.75 | 0.44 | 8.97
mol.% |12.81| 9.67 | 74.09|1.02 | 1.92 | 0.48

mass% | 0.75 | - 94.5 | 355 | 0.57 | 0.54 | 0.09

P4 mol.% 018 | - 94.6 | 3.82 | 054 | 055 | 0.32
mol.% 018 | - 94.9 | 3.83 | 0.54 | 0.55
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5-4 (SQ1)

Fig. 2.5.23 —Micrographs of Region 5
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Table 2.5.16 — Data on Region 5 EDX analysis

No. U Zr Fe | Cr Ni | Mn | ~O

so1 mass% | 3550 | 2.70 | 5854 | 1.77 | 1.14 | 034 | -

mol.% |11.59| 2.30 | 81.46 | 2.65 | 1.52 | 048 | -

mass% | 8.14 | 17.56 | 63.94 | 1.49 | 1.11 | 0.22 | 7.53

PL |mol.% | 1.80 |10.17 | 60.45| 1.51 | 1.00 | 0.21 | 24.85
mol.% | 2.40 | 1353 |80.45| 2.01 | 1.33 | 0.28

mass% | 3534 | 9.99 | 47.63| 058|093 | - | 552

P2 |mol.% |10.01| 7.38 |57.51|0.76 | 1.07| - |23.26
mol.% |13.05| 9.62 | 7495|099 | 1.39 | -

mass% | 8.73 | 16.95| 63.71 | 1.40 | 0.96 | 0.28 | 7.97

P3 |mol.% |1.92 | 9.72 [59.72| 1.41 | 0.86 | 0.27 | 26.09
mol.% | 260 |13.16|80.81 | 1.91 | 1.16 | 0.37

mass% | 27.79 | 13.42 | 51.42 | 0.70 | 1.09 | 0.26 | 5.31

P4 | mol% | 751 | 9.47 | 59.27 | 0.87 | 1.20 | 0.31 | 21.37
mol.% | 956 | 12.05| 75.37 | 1.11 | 1.53 | 0.39

6
Fig. 2.5.24 —Micrograph of Region 6
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Fig. 2.5.25 -Micrographs of Region 7
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Table 2.5.17 — Data on Region 7 EDX analysis

No. U Zr Fe | Cr Ni | Mn | ~O
mass% | 3558 | 4.90 | 56.32 | 1.67 | 1.15 | 0.38 -

1
X mol.% 11.77 | 423 | 79.40| 253154054 | -
mass% |[34.91| 6.23 | 55.03|162|1.08| - 1.13
SQ2 | mol.% 1111 | 517 | 74641236140 | - 5.33

mol.% |11.73| 546 | 7884|249 | 1.48 | -
mass% |34.78| 555 | 55.15| 1.40 | 1.16 | 0.23 | 1.72
SQ3 | mol.% | 10.80| 4.50 | 73.00| 1.99 | 1.46 | 0.31 | 7.93
mol.% | 11.73| 4.88 | 79.29| 2.16 | 1.59 | 0.34
04 mass% |2586|13.61|54.32|0.92|094| - | 435

mol.% 707 | 971 | 6332|115|1.05| - |17.70
mol.% 859 |11.80 | 76.93 | 1.40 | 1.27 | -

8

Fig. 2.5.26 —Micrographs of Region 8

Table 2.5.18 — Data on Region 8 EDX analysis

No. U Zr Fe | Cr Ni | Mn | ~O
mass% | 26.87 | 13.36 | 55.27 | 0.97 | 1.19 - 2.34
SQ1 mol.% 7.87 | 10.22 1 69.02|1.30| 141 - 10.18

mol.% 8.76 [11.37 7684|144 | 1.57 | -
mass% | 34.18 | 1.51 | 60.08| 2.23 | 0.89 | 0.35| 0.76
SQ2 |mol.% |10.66| 1.23 | 79.83|3.18 | 1.13 | 047 | 351
mol.% | 11.04| 1.28 | 82.73 | 3.30 | 1.17 | 0.49
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Fig. 2.5.27 —Micrographs of Region 9

10 10-1
Fig. 2.5.28 —Micrographs of Region 10
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11-2
Fig. 2.5.29 —Micrographs of Region 11

Table. 2.5.19 - Data on Region 11 EDX analysis
No. U Zr Fe | Cr | Ni [Mn| ~O

mass % | 22.03 | 17.49 | 53.53 | 1.07 | 0.85 | 0.26 | 4.76
SQ1 mol.% | 5.86 | 12.13 | 60.65| 1.30 | 0.91 | 0.30 | 18.84
mol.% | 7.21 | 14.95| 74.73|1.61 | 1.13 | 0.37

mass % | 19.32 | 19.63 | 54.02 | 0.93 | 1.18 | 0.28 | 4.64
P1 mol.% | 5.08 | 13.48 | 60.58 | 1.12 | 1.26 | 0.32 | 18.17
mol.% | 6.21 | 16.47 | 74.03| 1.36 | 1.54 | 0.39

mass% | 3.85 | 66.89 | 545 | - - - | 2381
P2 mol.% | 0.69 |31.40| 418 | - - - | 63.73
mol.% | 191 | 86.57|11.52| - - -
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12 (SQ1)
Fig. 2.5.30 —Micrograph of Region 12

Table 2.5.20 — Data on Region 12 EDX analysis

No. U Zr Fe | Cr Ni | Mn | ~O

mass% |39.21|5091 |49.72| 1.43 | 1.04 | 0.26 | 2.43
mol.% | 12.47 | 4.90 | 67.38 | 2.08 | 1.33 | 0.36 | 11.47
mol.% | 14.08| 5.54 | 76.11 | 2.35 | 1.51 | 0.41

14 (SQ1)
Fig. 2.5.31 —Micrograph of Region 13
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Table 2.5.21 — Data on Region 13 EDX analysis

No. Fe Cr Ni | Mn
mass% |96.31|1.99 | 1.13 | 0.57

SQ1 0
mol.% 96.21 | 2.14 | 1.08 | 0.58
p1 mass% | 95.61 | 2.26 | 1.46 | 0.67
mol.% 9551|243 | 1.39| 0.68

1cm

Fig. 2.5.32 — Template of the interaction zone upper part with regions marked for
examination
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Fig. 2.5.33 —Micrographs of Region 1
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Table 2.5.22 — Data on Region 1 EDX analysis

No. U Zr Fe Cr Ni ~O
mass % |40.39 | 6.40 | 50.37 | 1.43 | 0.95 | 0.45
SQ1 |mol.% |13.98| 578 |74.30| 2.27 | 1.33 | 2.34
mol.% [14.31| 592 | 76.08 | 2.33 | 1.36
mass% (86.94| 1.02| - - - | 12.04
P1 |mol% |3235| 0.99| - - - | 66.67
mol.% |97.02| 2.98 - - -
mass% |44.66| 837 |44.78| 0.86 | 1.34 | -
mol.% |[16.74| 818 | 7157 | 1.47 | 203 | -
mass% |[21.91 | 19.19 | 52.52| 0.74 | 0.93 | 4.70
P3 |mol% | 587 |13.43|60.02| 0.91 | 1.01 | 18.76
mol.% | 723 | 16,53 |73.87| 1.12 | 1.25
mass% | 9.04 [60.99| 839 | 038 | - | 212
P4 |mol% | 173 |3054| 6.87 | 033 | - |60.53

P2

mol.% 439 | 77.37|17.39 | 0.85 -

2-2
Fig. 2.5.34 —Micrographs of Region 2
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3
Fig. 2.5.35-Micrograph of Region 3

1
P
3
4
&

1 — shrinkage cavity; 2 — interaction zone upper layer;
3 —interaction zone intermediate layer; 4 — interaction zone lower layer;
5 — geel specimen

Fig. 2.5.36 — Diagram of layersposition
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2.6. Differential Thermal Analysis

The Differential Thermal Analysis (DTA) of samples taken from the upper and lower areas of
the interaction zone (layers 2, 4 Fig. 2.5.36) of MC9 was made by the SETSY S Evolution-2400
analyzer [1]. The instrument allows investigation of thermal behaviour of substances within a
wide temperature range from 196 up to 2400 °C. The instrumental error of temperature
determination is£5 °C.

The temperature of steel specimen - corium interaction initiation (solidus temperature, Tg) was
determined by the start of the endothermic effect at the sample heating and by the start of the
exothermic effect at the sample cooling. The difference in Ty values may be explained by a
possible subcooling of the melt below T« during its crystallization, whereas there has not been
detected any substantial superheating of a solid body above the solidus point. Therefore, the
value registered at heating the sample is regarded as a more credible.

Tab.2.6.1 and Figs. 2.6.1, 2.6.2 offer SEM/EDX data on compositions and microstructures of the
samples taken from layers 2 and 3 of the interaction zone.

}f 5 ’L%me? Cma

Fig. 2.6.1 —Microstructure of Iayer 2 of theinteraction zone

Fig. 2.6.2 —Microstructure of layer 4 of the interaction zone
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Table 2.6.1 - SEM/EDX data on the eutectic composition of samplestaken from

layers 2 and 4 of the interaction zone

No. U Zr Fe Cr Ni Mn ~0O
SQ1 | mass% | 40.39 6.40 | 50.37 1.43 0.95 0.45
SQ2 | mass% | 26.87 | 13.36 | 55.27 0.97 1.19 - 2.34

Figs. 2.6.3 and 2.6.4 show DTA curves for asample from layer 2 of the interaction zone.

Figure:
SETSYS Evolution - 24087.04.2005  Procedure: 1 (Zone 1)

Experiment: MC9 metal zona 2 Crucible: A203 100 pl Carrier gas: Ar - Coeff. : 1,

Mass (mg): 622

T T T T T T
Heat Flow/mW

Exo 4\ 50 |

T
Sample Temperature/°C

| 1400

| 1200

| 1000

800

600

400

o

200

\’\‘_ﬂ-&ﬁ 0_
12000 1400 Time/s
| |

2000
1

4000 6000 8000 10000
1 1 1 1

Analysis conditions:
Sample mass-62.2 mg;
Carrier gas - argon;
Carrier gas flow rate —
4 ml/min;

Heating rate — 5 °C/min;
Thermocouple type - B
(PtRh 6%/30%);

Crucible material — Al,O3

Fig. 2.6.3. DTA curve, heating stage, sample from layer 2 of the interaction zone

| |
Heat Flow/mW

4\Em

T T
Heat Flow/mW

4\ Exo

Onset Point: 1098°C

Peak: 1109°C

Offset Point: 1116°C

1070 1075 1080 1085 1090 1095 1100 1105 1110 1115 1120 1125 1130  Sample Temperature/°’C
I I I L I I I I I I I I I I I I

1100 1105 1110 1115 1120 1125 1130 1135 1140 1145 1150 1155 1160  Sample Temperature/°C
I I I I I I I I I I I I I I L I

Onset Point: 1144°C

Peak: 1140°C

Offset Point: 1120°C

Fig. 2.6.4. Enlarged fragments of Fig. 2.6.3, sample heating and cooling

Fig. 2.6.4 (heating) shows the 1088 — 1124°C temperature range to feature a clearly expressed
endothermic peak. To determine the temperature corresponding to the peak onset, a baseline
“linear from first to last point” was chosen and then the lines tangent to the peak slopes were
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drawn. The point of tangent line crossing with the baseline yielded the temperature of 1098 °C
corresponding to T.
Figs. 2.6.5 and 2.6.6 show DTA curves for asample from layer 4 of the interaction zone.

Tarrormy Analysis conditions:
1 Sample mass-62.4 mg;
) Carrier gas- argon;
Carrier gas flow rate -
| 4 ml/min;
ol Heating rate-5 °C/min;
Thermocouple type - B
2 (PtRh 6%/30%);
& Crucible material —Al,05

2000 4000 6000 8000 10000 12000 14000 ime/s
I I I I L L I

Fig. 2.6.5-DTA curve, heating stage, sample from layer 4 of the interaction zone

por Onset Point: 1143°C - &« |
‘ ‘ ‘ " Peak: 1127°C
Offset Point: 1116°C 4

Fig. 2.6.6 — Enlarged fragments of Fig. 2.6.5, sample heating and cooling

According to the DTA data, Tsy values for both layers of the interaction zone are practically the
same.

2.7. Composition of the oxidic ingot and interaction zone

Fig. 2.7 summarizes the results of the posttest XRF, SEM/EDX and chemical analyses.
Notable is the satisfactory agreement of results obtained by all three methods for the ingot oxidic
part. In the interaction zone, the XRF and SEM/EDX data agree satisfactorily for Fe and Cr. For
U, agreement exists only between the XRF results for the templates upper surfaces. The Zr
concentration data differ greatly. When discussing the collection of results for MC9, the
SEM/EDX data were taken as the reference ones.
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Fig. 2.7 — Results of posttest analyses obtained by different methods
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3. Discussion of results

When discussing the results of MC9 concerning kinetics and depth of ablation of vessel steel at
its interaction with a metal-oxide melt, it is reasonable to compare them with the results from
MC6...MC8. At the same time, it is necessary to take into account the peculiarities of MC9,
connected with intensive evaporation of steel components from the melt, and determine the
reasons of some effects that were specific to this test. Finally, it is necessary to evaluate the
obtained results for their relevance to the problem of in-vessel melt retention.

3.1. Molten pool structure

At theinitial stage of MC9 stainless steel was introduced into molten suboxidized corium, and as
a result of components repartitioning, a heavier metallic melt formed in the pool bottom part
with a lighter oxidic melt above it. According to MASCA results, the characteristic time required
for components repartitioning does not exceed 30 min. However, the molten pool structure
undergoes changes during the test period — firstly, due to the processes of mass transfer between
the molten pool and steel specimen, secondly due to steel components evaporation, and thirdly
due to the ongoing mass transfer between the metallic and oxidic melts conditioned by the two
previous processes. According to posttest, the molten pool was almost completely oxidic after
the test (at its final stage). Let us assess duration of existence of the melt metallic part and use for
this purpose the experimental data on the specimen ablation kinetics, on the release of aerosols,
as well as experimental results from MASCA Project on components partitioning between the
metallic and oxidic parts of the melt.

Fig. 3.1.1 offers the data on the release of steel components taking into account the losses in
transport lines (see Section 2.2). The released amount totalled ~ 284.8 g at an almost constant
evaporation rate. Section 2.2.6 contains also data on the composition of the interaction zone
determined by posttest analyses. The mass of steel transferred from the interaction zone to
corium was determined to equal almost 138 g. Taking into account the introduced (participating
in the interaction) stainless steel (~ 192 g), the total mass of steel components which have got
into the oxidic melt throughout the test equals ~ 330 g. This value is close to that of the total
mass of the evaporated steel (mass of aerosols) plus the small amount of Fe (~ 35 g) discovered
in the oxidic ingot. Thus, due to evaporation, the metallic part of the melt has exhausted by the
time of test completion, or a little bit earlier, taking into account the mass balance error. That is,
it may be expected that practically all the test through the specimen surface has been interacting
with the metallic part of the melt, but this would be true only if the metallic part of the melt was
in the pool bottom part permanently.
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Fig. 3.1.1 — Evaporation of steel during thetest

To check how the mentioned condition is observed, let us consider kinetics of the mass transfer
processes in the system “oxidic part of the melt — metallic part of the melt — steel specimen”.
When doing so, let us conventionally break it into two systems: 1) oxidic and metallic parts of
the melt; 2) metallic part of the melt — steel specimen. The interaction between the oxidic and
metallic parts of the melt (initially — molten suboxidized oxides and steel) is governed by the
regularities establised in the course of MASCA investigations. Fig. 3.1.2 offers generalized
experimental data from MASCA [13] on the composition of the metallic part of the melt
balanced with the oxidic part, depending on the relative mass of steel involved in the interaction,
for U/Zr=1.2 and C-32, that is for the conditions of MC9. The initial relative mass of steel
involved in the interaction: m, =M /(M + M, )» 01(10%). In accordance with Fig. 3.1.2,

the initial concentrations of U and Zr in the metallic part of the melt are 43 and 17 mass %,
respectively.

Hypotheses and assumptions accepted for the follow-up calculations:

- The interaction zone composition is constant in time and coincides with the average
composition determined by the posttest analyses. U — 33.3; Zr — 8.3; Fe — 53 mass %); the
said composition is maintained by the corresponding diffusion of U and Zr from the
metallic melt into the specimen and the counterdiffusion of Fe;

- The mass of steel involved in the interaction is a subject to changes, depending on its entry
into the melt from the interaction zone as the specimen ablation progresses (see Section
2.4) and evaporation (according to Fig 3.1.1);

- Composition of the metallic part of the melt is determined from Fig. 3.1.2 according to the
current value of the relative mass of molten steel participating in the interaction, neglecting
the time required for attaining equilibrium state;
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- The interaction zone is liquid; density of material in the interaction zone is determined
additively on the basis of its composition; density of liquid is ~15% less than that of the
solid ingot (determined from the volume of the shrinkage cavity).

70
© 60
n 50 1
© Cn 30-36
£ [Cn 30-36
o 40 ‘C/CK
=)
E %0 » \\
5 5/ A A A
A
© 10 = = L=
0
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35
Msi/(Msi+Mcor)
—_ — —O—U,Zr,Fe (U/Zr=1.1-1.3);

Fig. 3.1.2 — Distribution of componentsin the metallic part of the melt
(according to M ASCA results)

Figs. 3.1.3, 3.1.4 offer the results of calculations. It may be seen that during the test the mass of
the metallic part of the melt is steadily decreasing down to a value close to zero, and the relative
mass of molten steel involved in the interaction is decreasing correspondingly from 10% to
practically zero. It follows from MASCA experimental results, in this range metallic melt has a
highr density than the oxidic melt, i.e., indeed, the specimen was interacting with the metallic
part of the melt within MC9. The concentrations of U and Zr in the metallic part of the melt (Fig.
3.1.4) all the test through exceed the concentrations of U and Zr in the interaction zone, it
proving legitimacy of an assumption concerning permanent transfer of U and Zr from molten
metal into the specimen (interaction zone).
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Fig. 3.1.3 —Mass of molten metal and relative mass of steel
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Fig. 3.1.4 —Metallic melt composition

3.2. Maximum depth of ablation

Calculations of the specimen temperature condition have found final position of the interaction
front (boundary between the interaction zone and specimen) in MC9 to correspond to the
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1060, 1100°C range. A comparison of this value with those obtained in MC6...MC8 [1] shows
them to differ significantly (compare with the maximum value of 1200°C in MC8). Let us make
an attempt to establish a correlation between this boundary temperature (Tonary) and the
interaction zone composition.

Tab. 3.2 contains the boundary temperatures and compositions of the interaction zone (for MC9,
compositions of the lower and upper parts of the interaction zone, and the average are given).
The table also contains the initial molten corium oxidation degrees (C,) and maximum
temperatures on the specimen top surface at the initial stage of interaction. Fig. 3.2.1 shows the
influence of the mass concentration of Fe in the interaction zone (Cre) on the magnitude of Tonary-
Note, that the accepted concentration of Fe for MC9 is the one in the interaction zone lower part
which had contacted with the specimen via the skull.

Table 3.2 —Interaction zone compositions and boundary temperatures

Test No.
MC6 MC7 | MC8 MCO
upper part | lower part | average

Cy, mass % 256 44 22 395 27 333
C,,, mass % 54 22 6.1 55 11 83
Cre, Mass % 64.4 50 68.2 50 56 53
Tondy, °C 1120-1200 | 1030-1100 | 1200 1060-1100
Cn C-32 C32 | c-70 C-32
Tart °C 1360 1150 1420 1440

The numbers in Fig. 3.2.1 (and in Figs. 3.2.2, 3.2.3) denote MC tests. Tynary ObViously grows as
Cre increases. From the model of eutectic interaction between suboxidized molten oxides and a
steel specimen it follows that dissolution of steel stops when the interaction front reaches in the
specimen an isothermal surface that has Tsy of the interaction zone composition. It may be
assumed, therefore, that Ty is increasing along with the growing Cere. A reason behind this
increase may be the increased concentration of oxygen within the studied range of governing
parameters variation. However, this supposition is contradicted by the DTA results for the
material from the interaction zone, according to which Ty, is approximately similar in all tests
and iscloseto 1090 °C (Fig. 3.2.2).

A possible explanation of the noticed contradiction isthat during crystallization of the interaction
zone the oxygen contained in it partially releases, i.e., ether transits into molten corium, or
forms gas pores (together with the shrinkage cavity). Obviously, Tsy goes down with the
decreasing oxygen concentration. That is why the values obtained by DTA are underrated, the
lowest possible ones, and closeness of T, values determined by DTA for different compositions
of the interaction zone (for different tests) reflects only properties of the crystallized material and
not always reflects properties of the material from the interaction zone in the course of atest.

A correlation between the interaction zone compositions and the governing parameters in tests of
the MC series can be established proceeding from the below-given considerations. First of all,
notable is that the mechanism of suboxidized molten oxides/cooled steel specimen interaction
(the essence of which is in U, Zr, Fe and O repartitioning) is similar to the mechanism of
suboxidized molten oxides/molten steel interaction which had been studied within the frame of
the OECD MASCA Program [13], but not identical to that mechanism due to peculiarities of MC
teds, that is, steel solidity, temperature gradient, and a crust of suboxidized corium on the
surface of interaction. It may be expected that despite these differences, qualitative regularities of
the process would not differ from those revealed by MASCA tests. at an equal ratio between the
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mass of steel involved in the interaction and the total mass of oxides and steel, the greater is the
oxygen potential of oxides, (i.e., the higher is the degree of Zr oxidation [C,] in molten oxides),

Tondry, °C
6 8
1200 =
7 9
1100 il 3 O
O
1000
40 50 60 70 80

Cre, mass %

6, 9 — numbers of MC tests
| —test; B-DTA
Fig. 3.2.1 — Temperatur e at the inter action zone/specimen boundary as a function of
concentration of Fein the inter action zone

the higher is the concentration of Fe in the metallic part of the melt (in the interaction zone),
while at the uniform oxygen potential of molten oxides, the larger is the mentioned relative mass
of steel, the likewise higher is the concentration of Fe in the interaction zone (see Fig. 3.1.2).

A comparison of the results of MC6 and MC8 (the tests with similar relative masses of steel, 3.4
and 2.9 %, respectively) shows (Fig. 3.2.2) the concentration of Fe in the interaction zone of
MCS8 to be higher and correlate with a higher C,, value in thistest (MC6 — C-30, MC8 — C-70). If
we compare concentrations of Fe in MC6 and MC7 which had the same oxygen potential of the
melt (~ C-30), it may be seen (Fig. 3.2.3) that when the relative mass of steel increases from ~0.4
% in MC7 up to 3.4 % in MC6, the concentration of Fe in the interaction zone grows from 50 up
to 64.4 %, respectively. A similar analogy with the MASCA results exists for the regularities in
concentration of U: depending on the said governing parameters, the concentration of U
decreases (see Tab. 3.2). The concentration of Zr, however, behaves oppositely. While in
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MASCA tests it changes (qualitatively) like the concentration of U, i.e., decreases, in
MC6...MC8 it, on the contrary, grows (see Tab. 3.2).

Cre, Mass % Cre, mass %

80 80
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Fig. 3.23 — Concentration of Fe in the

interaction zone as a function of the mass

fraction of steel involved in the interaction

with the melt

Fig. 3.2.2 — Concentration of Fein the
inter action zone as a function of the melt
oxygen potential

Along with the data from MC6 and MC7, Fig. 3.2.3 contains data on Fe concentration in the
interaction zone of MC9 (in which oxygen potential of molten corium was the same, i.e., ~ C-
30). Obviously, a decrease of concentration of Fe occurred in contrast to the expected growth
againgt the increasing mass fraction of steel. To explain this result, peculiarities of MC9 should
be analyzed.

The situation after the introduction of steel into molten oxides in the beginning of the test isin no
way different from that in MASCA tests. the metallic melt that forms in the pool bottom part has
a composition that under the same governing parameters of the test (U/Zr ratio, oxygen potential
of molten oxides, relative mass of steel, molten oxides temperature) coincides with the
composition determined in MASCA tests. Then, according to the MC9 conditions, the initial
composition of the metallic part of the melt is as follows. U —43; Zr — 17; Fe — 37 mass %. This
composition changes in time under the influence of such factors, as mass exchange with the steel
specimen, steel components evaporation, and components repartitioning between the said part
and molten oxides (the latter process is the “quickest”). Asthe result of evaporation, the metallic
part of the melt decreases in due course to the point of complete disappearance. However, in
accordance with the regularities revealed in MASCA tests, the decreasing metallic part of the
melt becomes increasingly enriched in U and Zr, and depleted of Fe, accordingly (see Fig. 3.1.4).
A tendency to the components concentrations levelling in the metallic part of the melt and in the
specimen’s interaction zone (in contacts with the former via the skull) explains a higher
concentration of U and Zr and, correspondingly, a lower concentration of Fe in the interaction
zone in MC9 in comparison with the values that could be expected if the procedures of MC9 and
of MC6...MC8 were the same (i.e., if steel were not introduced into molten oxides in MC9). In
such a case concentration of Fe in the interaction zone would have been closer to 70 % and the
boundary temperature —to ~ 1200°C. A complete levelling of compositions of the metallic part
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of the melt and of the interaction zone does not occur, presumably due to the regularities of
chemical balance establishment in a system under thermogradient conditions.

Imagine atest similar to MC9, but featuring a surface crust that prevents Fe evaporation. If the
mass of stainless steel introduced into the melt in thistest is increased (though, below the amount
at which molten metal forms a surface layer), then the increase in U and Zr concentrations in
molten metal will inevitably cause their concentrations in the interaction zone to decrease and
that of Fe increase, accordingly. It means that in such a case Tpnary Will be higher than ~ 1090 °C
in MC9. The same would happen due to the same reasons in atest similar to MC9, if the degree
of molten corium oxidation (oxygen potential of molten corium) is increased. Concentrations of
U and Zr in the metallic part of the melt will decrease if the mass of introduced steel is reduced,
but the same effect was achieved in MC9 through the long-term evaporation of Fe. Therefore, it
may be considered that concentrations of U and Zr in the interaction zone in MC9 are the
maximum possible, while that of Fe is the minimum possible (at least, at C, 3 30) during the
interaction of vessel steel with the metallic part of molten pool. Hence, the value of Tpngry from
MC9 isthe lowest possible for the described conditions. Though the calculated Tongry falls within
the 1060-1100 °C, its value cannot be lower than T determined by DTA, therefore the
minimum value of Tynary Should be accepted as equal to 1090°C.

3.3. Ablation kinetics

Fig. 3.3 shows histories of the ablation depth measured in the specimen central part in
MC6...MC9. The major difference of MC9 from all other MC tests with suboxidized molten
corium is in the absence of the incubation period which is the time required for the liquid phase
to form on the specimen surface due to U and Zr diffusion from the oxidic crust surface into the
steel specimen. Lack of this period in MC9 is an evidence of the liquid phase existence on the
specimen surface from the very beginning of its interaction with molten metal. It means, that the
molten metal that shifts to the pool bottom immediately starts impregnating the oxidic crust. The
ultrasonic measurements show that during the period from steel introduction into molten oxides
till the inversion (~ 5000 sec), the interaction of molten oxides with the specimen via the initial
skull have not lead to the liquid phase formation. Asis shown in Fig. 3.3, in MC6 and 7 featuring
the same melt composition (~ C-30) the liquid phase had formed only by ~ 16000 sec.

In MC8 ablation of the specimen started after a much smaller lag than in MC6 and 7,
approximately after 8000 sec. The difference in the incubation period duration may be due to the
different content of Zr in molten corium (different oxidation degree). SEM/EDX has shown a-
Zr to concentrate along the skull/specimen boundary and serve as an additional diffusion barrier
for the transportation of U. It may be supposed that in MC8 (C-70 corium) the concentration of
a- Zr islower than in MC6 and 7 (~C-30 corium), and this conditions a shorter incubation period
in MC8.
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Fig. 3.3 —Vessd steel specimens ablation kinetics

The initial period of ablation (slow ablation period), which is most clearly observed in MC8, is
associated with the time required for the forming liquid phase to “impregnate” the skull. Then,
thanks to a reduced diffusion resistance, the mass transfer between molten oxides and the liquid
phase on the specimen surface accelerates sharply and intensifies the dissolution of steel.

In terms of quality, the main period of ablation (fast ablation period) in MC 9 does not differ
from such periodsin MC6 and 8, and is characterized by 1) a decreasing rate of ablation with the
lapse of time due to the temperature lowering at the interaction front as it progresses inside the
specimen, and 2) ablation stoppage when a temperature equal to Ts of the material of the
interaction zone is attained. However, ablation rates in the performed tests have significant
quantitative differences.

The most considerable difference in rates is observed at the initial stages of the fast ablation
period when rates are maximal (at maximum temperatures at the interaction front, i.e., in
subsurface layers of the specimen). Apparently, the lowest value of ablation rate in MC7 is
determined by the minimal temperature of the specimen surface (~ 1150°C), it being much lower
than in other tests.

Based on general considerations, it may be believed that at equal temperatures of the specimen
surface the rate of ablation would be the higher, the larger is the share of liquid phase in the
interaction zone in proximity to the ablation surface. If we assume that during the fast ablation
period the establishment of chemical equilibrium in an oxide-metallic system by means of
components repartitioning through the skull happens much faster than the dissolution of steel,
the share of the said liquid phase may be judged from the difference between the specimen
surface temperature and Ty, of the interaction zone composition in the U-Zr-Fe(Cr,Ni...)-O
system.

Thus, it may be supposed that throughout the fast ablation period its rate is the higher, the larger
is the difference between the current temperature at the ablation front and the value of Tpnary
determined by composition of the interaction zone.

Using the calculated values of temperature distribution in specimens and experimental data on
the ablation depth history in all the performed tests, an approximated empirical correlation for

the vessel steel ablation rate during the fast ablation period has been deduced:
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The calculated and experimental data are compared in Fig.3.3. In accordance with Fig. 3.2.1, the
following Tonary Values have been accepted: MC7 and MC9 — 1090°C; MC6 — 1180°C; MC8 —
1200°C. Notable is the satisfactory agreement between the calculated and experimental data.

Let us comment another result of the tests which, strictly speaking, refers to the maximum depth
of ablation, but is most vividly illustrated by Fig.3.3. The question is about the big difference in
depth in MC6 and MC9. The reason of such a big (over two times) difference is not only in
different Tunary Values, small differences in surface temperatures and input heat flux densities, but
also in the differences in heat drainage down the specimen lateral surface to the cold crucible.
The latter is conditioned by differences in thermal conductivity of the lateral insulation which
depends on the degree of ZrO, granules and powder compactness (packing) and changes
unpredictably from test to test. Apparently, the said thermal conductivity in MC9 happened to be
minimal and, in particular, determined the maximum distance from the specimen surface to the ~
1090°C isotherm.

3.4. Specimen temperature condition

In contrast to MC6...MC8, the analysis of the specimen temperature condition in MC9 has
revealed some peculiarities of both temperature measurements and numerical modeling
conditions.

First of all, it should be noted that two thermocouples — TCO1 and TCO3 — went faulty, and
readings of a peripheral surface thermocouple TC8 almost all test through were ~ 70°C lower
than those of TC10, a peripheral surface thermocouple located 4 mm from the top, and therefore
regarded as unvalid. Naturally, the said three thermocouples were omitted from the analysis and
their readings are missing in Fig. 1.2.2 (Section 1).

Among the remaining thermocouples, attention is attracted to the “strange” readings of TCO02,
TC04 and TCO9 (see Fig. 1.2.2): starting from ~ 30000 sec, the readings are reducing steadily
against the aimost stable temperature recorded by the nearby thermocouples (along the radius
and concerning the distance from the specimen upper top). A possible reason of this decrease is
discussed below. The only thing that can be mentioned now is the correlation between the
azimuthal position of the mentioned thermocouples (located in the “narrow” azimuthal region,
see Tab. 1.1) and shape of the shrinkage cavity: hot junctions are located right in the places
where the shrinkage cavity — pretty asymmetrical — is deeper (see Fig. 3.4.1). Due to the
described reason, the enumerated thermocouples were omitted from the numerical modeling of
the specimen temperature condition at the final stage of the test.

It was noted in Section 2.3 that the numerical modeling of the specimen temperature condition at
the final stage of the test has found the best agreement between the calculated and measured
temperatures when radially uniform heat supply to the specimen (to the interaction zone upper
boundary) was specified, while according to caculations of molten oxides thermal
hydrodynamics the mentioned heat supply appeared to be significantly nonuniform, with its
maximum in the central part of the specimen top. The attempts to change the result by varying
thermal conductivity of the interaction zone material yielded no positive effect, as it required an
assumption that this material is anisotrophic, i.e. that its radial thermal conductivity is
considerably higher than the axial, but there would be no reasonable explanation for that.

A possible reason of the noted discrepancy in the distribution of the heat flux to the specimen
may be as follows: it may be supposed that the specimen steel surface layer undergoes
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decarbonization as a result of the prolonged exposure a a high temperature, and the carbon
becomes partially oxidized by oxygen contained in the interaction zone. The then generating
gaseous phase may accumulate under the skull and form a cavity or a small layer located mostly
in the central surface part of the interaction zone. In such a case, a significant thermal resistance
would arise in the central part of the heat supply zone; it cannot be modeled in the calculations of
the specimen temperature condition, but its resulting effect may be equal to the evenning of the
radial distribution of the input heat flux. If accumulation of the gaseous phase occurs above that
part of the zone where the shrinkage cavity would form later, it may explain the above-
mentioned “strange” readings of the thermocouples TC02, TC04 and TCO09: the local heat supply
would decrease with the growing thickness of the gaseous layer and would lead to the local
progressive temperature drop (in the azimuthal region where the said thermocuples are located).
Then the time around 30000 sec from the beginning of the test may be regarded as the instant
when formation of the gaseous layer started.

Another peculiarity of the specimen temperature condition requiring a discussion is its change
during the long-term, almost steady-state regime in MC9. A comparison of readings of TCO5,
TCO06 (10 mm radius, 6 and 8 mm from the upper top, respectively) and of TC10 (29 mm radius,
4 mm from the upper top) at the steady-state regime initial and final stages shows that readings
of the centrally located thermocouples gained 50 °C, on the average, while those of the
peripheral one lost 40 °C. To explain this effect, the calculations described in Section 2.3 were
supplemented by electromagnetic and thermal-hydrodynamic calculations for a molten pool
under conditions of the steady-state regime initial stage, i.e., for the initial structure of the metal-
oxidic pool. In comparison with calculations for a single-phase melt, the calculation procedure
was modified as follows: for describing the melt motion in MC9, a model has been apllied that
describes a 2-D non-stationary axis-symmetrical motion of a two-phase non-isothermal viscous
liquid in the field of gravity and electromagnetic forces with a dispersed volume source of heat.
Unlike in [12], the equations of thermal hydrodynamics were solved together with the
electromagnetic field equations.
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Fig. 3.4.1 — Specimen surface after interaction, top view

Lorentz force (f) and volume source of heat (W) were calculated from the relations

f=3 B=y[E+V" B) B, ()
W=3JE, )
where J —flow density vector;
E-— electric field intensity vector;
B — magnetic flux density vector;
V — velocity vector;
s — specific conductance.
Electric (E) and magnetic (B) field intensities are connected with the vector potential (K) by
equations

E=-——-grad , 3
H =rotA . (4)
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¢ - isthe velocity of light.

In the case of asine field, the vector potential amplitude equation is written as
1a92A 19°A TPA Ao
ST A T By,
mgfre r Ir 22 r°g

and electric field intensity and the volume source of heat may be calculated using the formulas

(5)

w=2yullAf (6)

E=inA (7
where A isthe vector potential amplitude;
mis the magnetic permeability;
w isthe circular frequency;
i - imaginary unit.

The presence of the second liquid (metal, in our case) in the calculation cell is characterized by
its volume fraction F. The condition F = 1 is met when the calculation cell is completely filled
with metal, and F = 0 in the absence of metal in the calculation cell; partial filling corresponds to
O<F<Ll

The transport equation for F is written as
T, div(VF) =0. (8)
it
Here, the velocity vector V is determined through solving the obtained system of equations, in
which thermalphysic and electrical specific parameters are determined by the relation
i =i F+j,(t-F), ()
where | isthe effective specific parameter, and
j 1,j 2 are specific parameters of the 1% and 2™ liquids.
Intensive parameters are determined by the relation

= IH|C1F+H1202(1' F)’ (10)

Cq +C 2
wherey isthe effective intensive parameter,
y1, Y 2 are intensive parameters of the 1% and 2" liquids, and

r1, I » are densities of the 1% and 2™ liquids.

Surface tension was taken into account when determining the oxide/metal interface (see [14] for
details of the algorithm). Like in [12], discrete analogs of differential equations of the model
have been constructed by the method of final volumes[15].

Structure of a metal-oxidic pool is shown in Fig. 3.4.2. Figs. 3.4.3 — 3.4.5 show distribution of
temperature, of heat generation, as well as the distribution along the specimen surface radius of
the heat flux from the melt to the specimen (the absolute values of heat flux are overestimated
due to overestimation of the total power extracted into the melt). It is obvious, that in contrast to
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the analogous distribution at the final stage of the test, at the initial stage the maximum input
heat is shifted to the specimen top surface peripheral part. This transformation in the heat flux
distribution explains the recorded temperature history.

In accordance with the obtained data on the input heat distribution, the specimen temperature
condition has been calculated (see Figs. 3.4.6, 3.4.7). Fig. 3.4.6 shows satisfactory agreement
between the calculated and measured temperatures (at the initial stage of the test the
thermocouples TC02, TC04 and TCO9 functioned “normally” and their readings were used in
these calculations). The maximum temperature at the axis of the specimen top surface amounted
to 1440°C, it being noticeably lower than the analogous temperature value obtained through
calculations performed for the steady-state regime final stage (see Fig. 2.3.4, Section 2.3).
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3.5. Main results of the test

Let's consider relevance of the results of MC9 for the in-vessel melt retention. Like in
MC6...MCS8, the maximum depth of ablation corresponds to the position in the steel specimen
body of an isothermal surface with a Tpnary Close to Ts of the U-Zr-Fe(Cr,Ni...)-O system,
which is determined by the interaction zone composition, which, in its turn, depends on corium
characteristics and the initial temperature condition of the specimen. Like in MC7, under the
conditions of MC9 the value of Tynary IS regarded as the minimum possible one (~ 1090 °C).
Kinetics of steel ablation in MC9 differs from that in MC6...MC8 by the absence of the
incubation period, i.e., the time required for reaching the maximum depth of ablation at the
interaction between vessel steel and metallic part of the suboxidized molten corium is smaller
than during the interaction with the oxidic part, all other factors being equal. In principle,
evaporation of steel components during MC9 could influence the conditions of melt/specimen
interaction. However, in the absence of evaporation (in presence of an oxidic crust at the molten
pool surface) just a slight increase of Tpnary IS possible. That is, in terms of the maximum depth
of ablation, the conditions of MC9 were the most conservative. The absence of steel components
evaporation could influence ablation kinetics indirectly via the changing Tonary. It Was discussed
in Section 3.3 that the increase of Tpnary Will lead to the slowing ablation. Therefore, from the
point of view of kinetics the conditions of MC9 were also conservative. Consequently, there is
no reason in any other additional tests modeling the conditions that exclude evaporation of vessel
steel components.

A more general conclusion can be made that additional investigations of the vessel steel ablation
depth and kinetics envisaging modification of the metal-oxidic melt characteristics would be
irrational, at least with the horizontally positioned interaction surface and C, 3 30, as any
combinations of experimental conditions would be unable to reduce the obtained minimum value
of Tpnary (» 1090 °C) and increase the ablation rate. The latter may happen only if the specimen
surface temperature increases within the range between the experimentally obtained ~ 1400°C
and the temperature of steel melting of ~ 1500°C.
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From the point of view of the in-vessel melt retention, the processes studied in MC6...MC9 may
influence mechanical behaviour of the vessel, which depends on thickness of its intact part.
According to the results of investigations, the wall thickness limit (from the inside) may be
regarded as justified for a surface with a temperature equal to 1090 °C, if the molten corium is
suboxidized (Cp3® 30). It does not matter then, which part of the melt — oxidic or metallic — the
vessel steel isinteracting with.

Computation of the reactor vessel ablation is reduced to the preliminary calculation of its
temperature condition (vessel thickness temperature distribution) and subsequent integration in
accordance with the ablation rate dependence W °© % , given in Section 3.3.
t t
h= (T )dt =046 10" * (/i (h) - 1090 i,
0 0

where Tj; is the temperature at the interaction front, °C,
h isthe ablation depth, mm, and
tistime, sec.

The deduced dependence is empirical and is inapplicable to vessel steel and corium compositions
differing from the studied ones.

An incubation period is absent for the metallic part of the melt; it may be disregarded for the
oxidic part in the most conservative formulation, and a more precise evaluation may be based on
the data obtained for molten C-30 and C-70 applying linear interpolation to duration of this
period in the investigated range. In all cases, the depth of ablation during the incubation period
and the intermediate period of ablation may be neglected. Duration of ablation requires the
transformation of temperature condition of the reactor vessel against the decreasing residual heat
to be taken into account in accident calculations.

Conclusions

1 TheMC9 test devoted to studies of the interaction between the metallic part of suboxidized
molten prototypic corium and the water-cooled steel specimen has shown that:

- The mechanism of vessel steel ablation is that of eutectic melting (dissolution). The
maximum depth of ablation is close to the distance from the specimen surface to the
isothermal surface with ~ 1090°C, and does not exceed this distance. From this point
of view, the interaction between vessel steel and metallic part of suboxidized molten
corium does not differ from the interaction with the oxidic part of the melt.

- Dueto the lack of the incubation period, vessel steel ablation at the interaction with
the metallic part of the melt is anyway shorter than that at the interaction with the
oxidic part. For both metallic and oxidic melts, ablation kinetics (during the fast
ablation period) is characterized by a decreasing rate of ablation against the
decreasing temperature of the vessel steel at the interaction front.

2 When substantiating the concept of suboxidized molten corium in-vessel retention,
thickness of the wall in calculations of the vessel mechanical behaviour should be limited
by a value determined by position of the 1090°C isotherm.
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3 Anempirical correlation is proposed for calculating ablation kinetics of the reactor vessel
steel at itsinteraction with suboxidized molten corium.
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