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Introduction

The present work has been carried out within the ISTC CORPHAD Project in order to specify phase
diagrams of corium-based systems and products of its interaction with NPP materials. The
availability of credible information about phase equilibria in such systems is very important for a
consistent prediction of physicochemical phenomena taking place in a faulty nuclear reactor during
the core heatup and meltdown, molten pool formation and evolution, as well as also in the cases of
melt interaction with materials limiting its attitude position.

The metal-oxidic system Zr—e-O is one of the basic systems essential for the reliable determination
of phase ratios during the in-vessel retention of corium. Due to an extremely high chemical activity
of melts in the concentration domain of interest, such systems can be investigated only in an inert
atmosphere or in the atmosphere with regulated partial pressure of oxygen, and only by applying the
cold crucible technology. In addition to the mentioned peculiarity, this system is prone to
stratification /1/, as is shown by thermodynamic calculations. The published sources offer no
experimental data for the concentration domain of interest. These circumstances considerably
complicate methodologies of both melt preparation, manipulation and investigation.

The present work was aimed at the experimental evaluation of liquidus and solidus temperatures (Tiiq
and Tg) for the compositions recommended by the CORPHAD collaborators, and at identifying
compositions of the liquids that coexist in the miscibility gap. Besides, peculiarities of crystallization
of melts at different cooling rates were investigated.

In order to make a preliminary evaluation of an equilibrium composition for the investigated
compositions, the authors performed thermodynamic calculations using the GEMINI-2 code and
NUCLEA-05 database.

The results offered in the present report have been obtained from an experimental series and are
meant for updating the phase diagram database.

1. State of the art review

The binary diagram of the Zr-O system has been investigated by many authors (see list of
publications in /2/). The ZrO, phases in their monoclinic (baddeleyite), tetragonal and cubic
modifications are the most well-studied within the system. It is also mentioned in literature sources
that there exist the Zr solid solution in ZrO,, oxygen solid solution in a-Zr and in b-Zr, as well as
phases of ZrsO and Zr30. The data on the existence of phases of ZrO, Zr,0, Zr,0Os are doubtful.

Fig. 1.1 offers two early versions of a phase diagram for the Zr-O system, which are based on the
data from /3, 4/ and differ mainly by the limit of oxygen solubility in zirconium. In /5/ the stress was
made on studying the more oxygen-rich part of the diagram (Fig. 1.2).

In the late 70s the diagram was specified (the eutectic point, limits of oxygen solubility in zirconium)
and new data were obtained for the high-temperature domain on the side of ZrO, /6/ (Fig. 1.3).

More detailed investigation of the high-temperature domain and the domain of oxygen solid
solutionsin a-Zr were carried out by the authors of /7/ (Fig. 1.4).
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Fig. 1.5. Phase diagram of the Zr-O system according to /8/

The work /8/ is noteworthy. Its authors performed thermodynamic modeling of phase equilibria in
the Zr-O system (Fig. 1.5). Of special importance in this work is the prediction of temperature
boundaries of ZrgO and Zr3;0 existence, and of the limits of the a-Zr-based solid solution solubility

in the said compounds.

The performed investigations are numerous, but still there remain unclear questions about the limits
of phases existence in the system, and even about the possible existence of phases which are not
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The binary system Zr-Fe has also been the subject of numerous studies. A generalized phase diagram
(Fig. 1.6), constructed using data of different authors, is given in /9/. The diagram indicates four
intermetallic phases, namely ZrsFe, ZroFe, ZrFe, and ZrFes. The intermetallide ZrFe; is stable within
66.0 through 72.9 at. % Fe and melts congruently at 1675°C. According to different authors, the
maximum solubility of Fe in -Zr isabout 6 a. %.

The binary diagram of the Fe-O system, a fundamental one for many metallurgical processes, has
been studied sufficiently well. High-temperature equilibria between metallic iron and its oxides have
been most comprehensively studied in /10/. The area of stratification stretches from 0.4 up to 50 at.
% of O (Fig. 1.4). Note the insignificant solubility of oxygen in Fe, which grows with the increasing
temperature.
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Fig. 1.7. Phase diagram of the Zr-O system according to /10/ at a pressure of 1 atm.
A study of a particular section of the Zr-Fe-O system in the binary oxidic system ZrO,-FeO; 33 in air
(Fig. 1.8) has been performed within the framework of ECOSTAR Project /12/. Miscibility gap has
been shown in this diagram. It adjoins the oxidic corner of the Zr-Fe-O system and contains no
metallic or metal-rich melts. Nevertheless, it also demonstrates the complex nature of the whole
system that requires invesotigation.
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Binary diagrams illustrate a complex structure of both the subsolidus domain, and of the liquidus
surface of aternary system.

2. Experimental methodologies and description of facilities

The facilities and detailed descriptions of experimental methodologies are given in /13/.
Measurements of Tiq was performed by means of visual polythermal analysis in the cold crucible
(VPA IMCC). Determination of Tsy was made by the method of differential thermal analysis (DTA)
using the SETARAM analyzer. Compositions of the coexisting liquids were determined using the
results of the physicochemical analysis of ingots and samples produced by IMCC.

3. Description and results of tests

3.1. Analysis of initial charge materials

When preparing the test, the charge components, i.e., zirconia, metallic zirconium and iron, were
checked for the main substance and impurities content.

The composition of charge componentsisgivenin Tab. 3.1.

Table. 3.1. Charge components

Main
Components substance
content, %

Impurities, mass % Notes

Al>,03<0.03; Fe,03<0.05;

ZrO, powder, <100 | (ZrO,+HfO,) | Ca0<0.03; Mg0<0.02; Si0,<0.2; Certificate data

nm dispersivity >99.3 Ti0,<0.1; P,0Os<0.15;
(NaxO+K,0)<0.02.
) Si-0.0005; Mg-0.0001; Cu-0.0001; e
metallic Fe >00.9 Ni-0.019: Pb-0.0001: Zn-0.00028 Certificate data
metallic Zr
>00.0 Nb<1.0 XRF reaults
(alloy Nb-1)

3.2. Experimental matrix

The matrix of the performed testsis presented in Tab. 3.2.
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Table 3.2. Experimental matrix

Charge composition
CORD Zr Fe @) Mass, g Test objective
mass %/at.%
30" 74.1/49 17.6/19 8.3/32 407.1
Tiq. measurements, tie-lines
33" 74.1/49 17.6/19 8.3/32 407.0
T|iq_ measurements,
35Y 74.1/49 17.6/19 8.3/32 407.0 equilibrium crystallization of
ingot
39 68.7/45 23.3/25 8.0/30 399.9 Tiiq. measurements, tie-lines
447 81.1/63 14.7/19 4.2/18 3215 Tiiq,. Measurements
45 43.9/30 53.6/60 2.6/10 326.5 Tiiq. measurements, tie-lines

D' ZrO, was introduced into the crucible in alarger quantity, as an allowance was made for that part of ZrO, that would
crystallize during crust formation. Therefore, the charge composition dightly differs from the specified composition, it
being at. %: 50-Zr; 20-Fe; 30-O.

2 _ because of crust formation on the crucible sections during melting. To melt the crust and raise level of the melt, ZrO,
(m=12.8 g) was added. Therefore, the charge composition dightly differs from the specified composition, it being at. %:
65-Zr; 20-Fe; 15-0O.

Melt compositions, for which Tiiq, T and tie-line were measured, had been recommended by IRSN
(Dr. M. Barrachin). The applied melting technology cannot ensure identity of the melt and charge
compositions because a part of the refractory phase separates from the melt and crystallizes on the
cold crucible surfaces. Therefore, a preliminarily evaluated amount of excessive zirconia was
introduced into the charge.

3.3. Experimental procedures

The experimental procedures for Tjiq determination were identical and included:

Charge materials preparation and their thorough mixing in argon.

Furnace loading with the specified composition and its blowing with argon.

Molten pool production and its superheating .

Measurements of molten pool depth and bottom crust thickness.

Melt sampling.

Lifting of the crucible with melt relative to the inductor for local cooling of the surface of the
superheated molten pool, and videorecording of the process. Returning of the crucible to the
initial position. Checking of reproducibility of the values of melt surface temperature and of the

power removed from the crucible bottom and walls achieved before lifting of the crucible.
Repetition of these operations several times.

Heating termination. Pool surface videorecording.
Ingot extraction from the crucible for the subsequent analysis.

ISTC PROJECT-1950.2 CORPHAD
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It should be noted that a slightly different technique of melt surface cooling was used in CORD30.
It's essence is in shifting the movable electromagnetic screen, as described in /14/.

Brief comments to the tests are given below.
CORD30

The first test with the Zr-Fe-O system was also the first one with a considerable amount of metal
using the IMCC technology on the Rasplav facility.

Electrical characteristics of the high-frequency generator and history of the molten pool surface
temperature throughout the test are given in Fig. 3.1.

Sampling: 1s 2s 3s 4s Cord-30
2500 i 25
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m X X X X X
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i m [] El ] :
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Time, s

Fig. 3.1. History of the anode current (Ia), anode voltage (Ua) and pyrometer readings (Tm) in
CORD30

During the test, Tiq was measured several times by applying the VPA IMCC method and the water-
cooled screen. The temperature was observed to decrease from 2169 down to 1852°C (Fig. 3.2). Melt
was sampled between these two measurements. The drop of the measured Tiiq is explained by the
reduced oxygen concentration in the melt due to crystallization of a ZrO,-rich layer on the pool
bottom. An increase of power in the melt did not lead to melting of the bottom crust.

ISTC PROJECT-1950.2 CORPHAD



I Iﬁll&ﬂ"‘{'
" .
B 8:8

T|iq=21690C

T _1a58*c

relL 4.3
T|iq=1858°C

HiRe 85020 .0n.2

1M (239
HiE=" 583301 os .2

Hare" 643738 .10 2

T|iq=19260C

I ls8saec
ﬂ-ﬁgr_ [E H:EENBEFEAEAE_

T|iq=18520C

Fig. 3.2 Videoframes of the melt surface during T”q measur ements

13

In the end of the test, a sationary thermal condition was achieved in the ‘melt — bottom crust’
system. A thermogram of T;q measurement for this condition is presented in Fig. 3.3.
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Fig. 3.3. Thermogram with the molten pool surface videoframes. Tiq=1852°C
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CORD32

The induction system was optimized in order to increase efficiency of the furnace, and then it was
decided to repesat the test, but melt ejection from the crucible occurred during molten pool formation
and homogenization. The water-cooled pyrometer shaft got burned through and water emerged onto
the molten pool surface. The test was aborted and performed again later.

CORD33

The previous test was repeated for measuring Tiq of the specified composition. Electrical
characteristics of the high-frequency generator and history of the melt surface temperature
throughout the test are given in Fig. 3.4. The melt was sampled three times and T)iq measured two
times by VPA IMCC when lifting the crucible with melt relative to the inductor. It should be noted
that the melt surface temperature dropped for about 80°C during the test. The bottom crust thickness
was measured at 1450 s and found to be less than 1 mm. The temperature, from which the melt was
cooled and crystallized, equaled 2420°C. No bottom crust measuring was performed before heating
termination. When the ingot was cut and a thin section prepared, two layers differing in colour and
texture were recorded for the macrostructure.

sampling Cord 33
N1\, ——— 3
2600 ] : ; | 26
™m . " ! :

2400 WW&TP& 24

2200 :u u - 22

2000 ' ' 20

1800 18
QU Ti, measurement >
4
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2 1400 14 7
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o 1200 12 ®©

: a— \
~ 1000 10
- 1

800 - Ua = 8

600 6

400 4

200 2

0 J“=i‘ _trtt — 0

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time, s

Fig. 3.4. History of the anode current (Ia), anode voltage (Ua) and pyrometer readings (Tm) in
CORD33

CORD35

The present test was aimed at melt slow crystallization under the conditions close to equilibrium in
the concentration domain of the miscibility gap. Electrical characteristics of the high-frequency
generator and history of the melt surface temperature throughout the test are given in Fig. 3.5.
Equilibrium crystallization was achieved by slow continous shifting the crucible with melt relative to
the inductor & 10 mnvh. Besides, T; was measured during the test in order to check the
measurements made in CORD33, and the melt was sampled three times. The third sample was taken
in the end of the test before crystallization of the molten pool. At switching the HF heating off, Tiiq
of the molten pool was evaluated. The temperature, from which the melt was cooled, amounted to
2120°C.
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Fig. 3.5. History of the anode current (1a), anode voltage (Ua) and pyrometer readings (Tm) in
CORD35

CORD39

The experimental technique of CORD33 was used for the test, but the melt composition differed.
Electrical characteristics of the high-frequency generator and history of the melt surface temperature
throughout the test are given in Fig. 3.6. Tiiq was measured three times and melt sampled two times
during the test. The temperature, from which the melt was cooled, equaled 2520°C. As in CORD33,
the analysis of an image of thin section from the ingot longitudinal section has shown melt
stratification into two layers.
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Fig. 3.6. History of the anode current (1a), anode voltage (Ua) and pyrometer readings (Tm) in
CORD39

ISTC PROJECT-1950.2 CORPHAD



16
CORD44

This test was aimed at determining Tiiq and the possibility of stratification of the melt with the
specified composition. Electrical characteristics of the high-frequency generator and history of the
melt surface temperature throughout the test are given in Fig. 3.7. Tjiq was measured three times and
melt sampled two times during the test. The temperature, from which the melt was cooled, equaled
1820°C. The analysis of an image of thin section from the ingot longitudinal section has discovered
no melt stratification.
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Fig. 3.7. History of the anode current (1a), anode voltage (Ua) and pyrometer readings (Tm) in
CORD44

CORD45

Similarly to CORDA44, this test was aimed at determining T);q of the specified composition and of the
miscibility gap tie-line, i.e. of compositions of the coexisting liquids. Electrical characteristics of the
high-frequency generator and history of the melt surface temperature throughout the test are given in
Fig. 3.8. Tiiq was measured twice and melt sampled two times during the test. The temperature, from
which the melt was cooled, amounted to 2540°C. It should be noted that the pressure of iron vapours
above the melt was high during the test, and it was the reason of abundant aerosols, which have
increased the error of measuring the molten pool surface temperature by pyrometry and reduced the
concentration of iron in the melt.
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Fig. 3.8. History of the anode current (1a), anode voltage (Ua) and pyrometer readings (Tm) in
CORD45

3.4. Posttest analysis

Comprehensive physicochemical studies of the melt samples and ingots were carried out for
determining compositions of the melt corresponding to the measured liquidus temperatures,
compositions of the liquids coexisting in the miscibility gap and for studying the path of
crystallization.

3.4.1. Ingots macrostructure

After the tests, the furnaces were disassembled, ingots extracted from crucibles and cut
longitudinally. One half of the ingot was used for making a microsection for SEM/EDX analysis, and
from the other one samples were taken for XRF, chemical analysis, and oxygen content
determination by means of carbothermal reduction (CTR).

Fig. 3.9 presents images of longitudinal sections of the ingots from CORD33, 35, 39, 44, 45 showing
locations where samples were taken for XRF, chemical analysiss, CTR and bottle density
determination.
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‘Metal’ part ‘Oxide’ part

CORD33 CORD39 CORD35

CORD30 CORD44 CORD45

X - chemical analysis; O - XRF; 0 bottle density determination;
[ -CTR.

Fig. 3.9. Longitudinal sections of ingots from CORD30, 33, 35, 39,44,45 and locations of
sampling

3.4.2. Material balances of thetests

In order to make up material balances of the tests, the initial charge components and fused products
were weighed with accuracy up to 0.1 g.
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Material balances of CORD30, 33, 35, 39, 44, 45 are given in Tab. 3.3,

Table 3.3. Material balances of CORD30, 33, 35, 39, 44, 45

CORD Introduced into melt, g Collected, g
Zr0O, 130.7 Rod samples 31.3
Zr 204.9 | Corium from probe? 6.5
Fe 71.5 |Ingot? 360.2
307 Spillages 6.6
Aerosols 0.1
x 407.1 x 404.7
Debalance 2.4
Zr0O, 130.6 I ngot 330.4
Zr 204.9 | Rod samples 53.3
Fe 71.5 | Corium from probe? 8.1
33? Spillages 7.8
Aerosols 1.9
x 407.0 x 401.5
Debalance 55
Zr0O, 130.6 I ngot 308.9
Zr 205.0 | Rod samples 53.0
Fe 714 | Corium from probe? 12.4
352 Spillages 13.1
Above-melt crust 53
Aerosols? 7.8
X 4070 |x 400.5
Debalance 6.5
Zr0O, 123.6 | Ingot 325.7
Zr 183.0 | Spillages 8.9
Fe 93.3 | Rod samples 52.2
39 Aerosols 4.9
Above-melt crust 7.8
by 3999 | X 399.5
Debalance 0.4
Zr 222.2 | Ingot 282.8
Fe 47.3 | Rod samples 12.2
ZrO, ) 39.2 | Corium from probe? 13
5
44 (Zar dc(;?tion al) 12.8 | Above-melt crust 23.2
Spillages 1.8
X 3215 | X 321.3
Debalance 0.2
Zr 119.4 | Ingot 300.9
Fe 174.9 | Rod samples 8.4
45 Zr0O, 32.2 Aerosols 11.5
Spillages 4.5
X 3265 | X 325.3
Debalance 1.2

b_ ingot weighed together with crusts located above the melt surface (m=82 g);

2 _alarger quantity of ZrO, was introduced into the melt allowing for the amount used in crust formation;

3 _a tungsten probe was used for measuring molten pool depth and bottom crust thickness;

“ — the aerosol deposits on the crucible sections oxidized in air during disassembly of the furnace and changed their
colour from dark-grey to orange; a part of them ignited spontaneoudly at opening the furnace;

® _ during melting a crust formed on the crucible sections and could not be broken off back into the melt. To melt the
crust, ZrO, (m=12.8 g) was added into the crucible.
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The given data indicate a significant amount of aerosols in the tests. This is connected with high
temperature of melts and substantial evaporation of iron, as a consegquence.

3.4.3. Densities of the oxidic and metallic parts of the corium ingot

In order to calculate masses of the oxidic and metallic parts of ingots from CORD33, 39 with the aim
of making up the per-element mass balance, bottle densities were determined for the parts and the
volumes were calculated from their areas in the longitudinal section (supposing axial symmetry).
Masses (m) were calculated using the formula 3.1.

m=Vr (3.1
where V is the volume of the oxidic/metallic part, cm?;
r is bottle density of the oxidic/metallic part, g/cm®.

Bottle densities of the metallic and oxidic parts were determined according to the technique
described in /15/. Locations of samples taking for analytical purposes are shown in Fig. 3.9. High-
purity ethyl alcohol was used as the liquid for the bottle method. Tab. 3.4 summarizes the results of
bottle density measuring for the metallic and oxidic parts of ingots from CORD 33, 39, and the
calculated volumes.

Tab.3.4. Bottle densities measuring and the calculated volumes of the metallic and oxidic parts
of ingotsfrom CORD 33, 39

Oxidic part Metallic part
CORD
Density, g/cm® Volume, cm® Density, g/cm® Volume, cm®
33 6.9 154 6.5 345
39 56 5.2 6.4 46.3

The error of bottle density determination was +2 %, and that of volume measurement was + 3%.

3.4.4. Chemical analysis

The melt rod samples from CORD30, 33, 35, 39, 44 and 45, the samples prepared from ingots from
CORD33, 39, 44, 45 and the above-melt crust from CORD44 were analyzed for the content of Fe
and Zr.

The samples from CORD30 and 35 were dissolved in a mixture of concentrated orthophosphoric and
sulphuric acids (1:2) in argon.

The method of total zirconium determination is based on the formation of a stained complex
compound of zirconium (IV) with xylenol orange in a solution of sulphuric acid with the equivalent
molar concentration of 0.3-0.4 mol./dm® /16-18/.

The method of total iron determination is based on the reaction of orthophenanthroline with ions of
bivalent iron within the 3-9 pH range, followed formation of a complex compound with a orange-red
colour. The colour develops fast at pH=3.0-3.5 in presence of excessive orthophenathroline and
keeps stable within several days. The range of measured iron concentrations lies within 0.4—400
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mg/dm®. The total relative error does not exceed +5% provided that the measured optical densities
are within 0.2-0.6 range /19, 20/.

For the samples from CORDS33, 39, 44, 45 a new analytical technique has been applied. The 0.1 - 0.5
g samples chosen from the ingot were fused with (3.0+0.5) g of potassium pyrosulfate at (900+25)°C
until obtaining a transparent fusion cake, which was later dissolved in 200 — 250 ml 1M solution of
sulphuric acid. Then the determination of total zirconium (Zr**) was done by photocolorimetry with
xylenol orange /16-18/ and of Fegy — by photocolorimetry with orthophenanthroline /19, 20/.

Chemical analysis permitted determination of zirconium and iron in a sample, and oxygen was
calculated from residue. In order to increase precision of chemical analysis, oxygen concentration
was determined in the same samples by means of carbothermal reduction (see Tab. 3.64), and the
data from Zr and Fe determination were renormalized using the new data for oxygen.

In order to destroy the intermetallic compounds possibly influencing the results of chemical analysis,
the samples taken from ingots from CORD33, 44 and 45 were oxidized. The samples were oxidized
within 4 hours by heating up to 1100°C in air and crushed in the vibrating mill down to particles
sized <50 um. Then the elemental analysis of the oxidized samples was done using the techniques
described above. The obtained results were also renormalized taking the oxygen determined by CTR
into account.

Tab. 3.5 presents the results of chemical analysis of the fused products from CORD30, 33, 35, 39, 44
and 45, renormalized taking into account the oxygen determined by CTR.

Table 3.5. Results of chemical analysisfor CORD30, 33, 35, 39, 44, 45

Content, mass% Content, at.%
CORD Sample T
Zr Fe oY Zr Fe o
Rod sample No.1 74.6 22.7 2.68 58.7 29.2 12.0
5 | RodsampleNo.2 73.9 24.2 1.89 59.5 31.9 8.7
Rod sample No.3 711 27.4 1.57 57.0 35.8 7.2
Rod sample No.4 74.0 24.2 1.76 59.9 32.0 8.1
Rod sample No.2 74.7 19.6 5.7 53.7 23.0 23.3
Rod sample No.3 75.8 18.5 5.7 54.7 21.8 235
Ingot (metal-rich part, 783 17.0 47 58.9 20.9 20.2
23 oxidized)
Ingat (metal-rich part, 66.7 138 195 333 112 55.5
oxidized)
Ingot (metal -rich part) 79.0 16.3 47 50.6 20.1 20.2
(with correction for oxygen)
Ingot (oxide-rich part) 78.5 7.3 14.2 45.8 6.9 47.2
5 | RodsampleNo.2 73.6 20.8 5.6 52.8 24.3 22.9
Rod sample No.3 76.6 20.7 2.72 60.8 26.8 12.3
Rod sample No.1 67.9 25.9 6.20 46.7 29.0 24.3
Rod sample No.2 68.4 25.2 6.40 46.8 28.2 25.0
39 | Ingot (oxide-rich part) 79.7 5.4 14.90 45.9 5.1 49.0
Ingot (metal-rich part, 70.9 27 6.40 49.1 25.7 253
oxidized)
44 | Rod sample No.1 79.1 20.3 0.63 68.2 28.6 3.1
Rod sample No.2 79.1 20.2 0.63 68.3 28.6 3.1
Ingot — central area 81.7 17.3 1.03 70.5 24.4 51
Ingot — central area (metdl- 69.0 128 18.2% 35.6 108 536
rich part, oxidized)
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Ingot — central area (metal-

rich part, oxidized) 83.5 155 1.03 72.8 22.1 51

(with correction for oxygen)

Ingot —lateral side 69.6 9.4 21.05 33.9 7.5 58.6

Above-melt crust 67.5 114 21.05 32.8 9.0 58.2

Rod sample No.1 434 54.6 1.94 30.2 62.1 7.7

Rod sample No.2 43.1 55.0 1.98 29.9 62.3 7.8

Ingot 44.6 53.6 1.76 314 61.6 7.1
45 LT(?;tzg? al-rich part, 324 88 | 288 | 125 24.4 632

Ingot (metal-rich part,

oxidized) 4.7 53.5 1.76 314 61.5 7.1

(with correction for oxygen)

i)

T oxygen was specified according to CTR results (Tab. 3.64) and the data on the main el ements were normalized;

~oxygen determined from residue.

It has been mentioned already that in CORD30 the temperature of the melt dropped, the most
refractory phase crystallized on the bottom and due to this the melt was getting depleted in ZrO,,
while the content of Fe was increasing, accordingly. This is confirmed by the results of analysis of
melt samples, which demonstrate the decreasing oxygen and increasing iron contents from the first
sample to the third one. Before the 4™ melt sampling the temperature has increased insignificantly
(see Fig. 3.1) and a part of the refractory phase has obviously melted. As aresults, the content of Zr
in the rod sample has increased, while that of Fe decreased (Tab. 3.5). Notable is the coincidence
(within the error of method) of the composition of samples No.2 from CORD33 and No.2 from
CORD35, as it indicates reproducibility of results related to the stratification area. In CORD35, like
in CORD30, the content of Fe increased and that of oxygen decreased after the primary
crystallization phases had crystallized (sample No.3 CORD35, Tab. 3.3)

A sample was prepared from the crystallized layer of the primary crystallization phase from
CORD35 and according to the volumetric analysis the content of free Zr was found to equal 4.2
mass %o.

For some tests, elemental material balances have been made up (see Tabs.3.6-3.9.)

Tab. 3.6 offers the elemental material balance for CORD33 taking into account the data from
Tab. 3.5.

Table 3.6. Elemental material balance for CORD33 according to chemical analysis

Introd Massof | Mass of Collected, g
Elem uced theingot | the ingot D, g
y . qe . 3) . e y
ent g? OXIdICZ) metalllg Samples”, Oxutduc Metallic Totdl, g
part, g part, g g part, g part, g
Zr | 291.74 46.07 83.56 176.86 306.49 +14.75
106 224

Fe 70.02 11.83 7.75 36.59 56.17 -13.85
@) 30.04 3.50 15.11 10.53 29.14 -0.90

' _introduced into the melt, the spillages (m=7.8 g), debalance (M=5.5 g) and aerosols (m=1.9 g) excluded;

2 _ masses of the oxidic and metallic parts were calculated on the basis of their densities and volumes (Tab. 3.4);.

¥ _the mass of sample No.1 - 17.8 g, of rod sample No.2 - 17.3 g; of rod sample No.3 - 18.2 g, of sample from the probe
-81g.

It is seen from Tab.3.6. that the debalance for the main elements is ~ 15 g. The SEM/EDX analysis
of the ingot oxidic part has shown it to be inhomogeneous (Fig. 3.25, Region 1-1-1). As the oxidic
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part analysis did not use the average sample, the error was obviously the greatest and it explains such
asignificant debalance.

Tab.3.7 offers the elemental material balance for CORD39 taking into account the data of chemical
analysis.

Table 3.7. Elemental material balance for CORD39 according to chemical analysis

Massof | Mass of Collected, g
theingot | the ingot
Elem | " | “oxidic | metallic 5
ent n’ | pat), g/ | part?, g/ | samples’, | Oxidic | Metallic | L 9
g density, | density, g part,g¥ | part, g 9
g/cm glem?
Zr 267.62 35.53 29.05 210.63 275.21 +7.59
36 297
Fe 89.49 13.40 1.98 67.39 82.77 -6.72
5.6 6.4
0] 28.59 3.27 5.43 19.01 27.71 -0.88

D _introduced into the melt, the spillages (m=8.9 g), debalance (m=0.4 g) and aerosols (m=4.9 g) excluded;
2 _masses of the oxidic and metallic parts were calculated on the basis of their densities and volumes (Tab. 3.4);

% _ the mass of sample No.1 - 36.3 g, of sample No.2 - 15.9 g;

“ _includes the above-mdlt crust, the mass of whichis 7.8 .

Apparently, the debalance of elements is due to the fact that the above-melt crust was not analyzed
and its mass summed with that of the ingot oxidic part.

The error of Zr determination by photocolorimetry was less than 3 relative % and that for Fe — less
than 5 relative %.

3.4.5. X-ray fluorescence (XRF) analysis

The elemental composition of the samples was determined by the XRF method using the
SPECTROSCAN MAX-GV /23/.

All samples were crushed into 100 pum particles, quartered and further ground into particles not
exceeding 50 pum, and then the powder was compacted into pellets for the analysis. Also, samples
representing flat, ground plates ~ 10" 15 mm? were cut from the characteristic zones for analysis. All
the works on both rod and ingot samples preparation were performed in argon.

Quantitative analysis of samples from the oxidic parts of ingots, rod samples and aerosols from
CORD 33, 35, 39, 44 and 45 employed the method of fundamental parameters (MFP) /13/. The
samples taken from the metal-rich parts of ingots from CORD 33, 39, 44 and 45 were first oxidized
within 4 hours by heating up to 1100°C in air and then analyzed by spectrometer using stoichiometric
oxidic calibration specimens.

Tab.3.10 contains the results of analysis of corium samples from CORD30, 33, 35, 39, 44, 45.
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Table 3.10. XRF data for samplesfrom CORDS30, 33, 35, 39, 44, 45

Content, mass %

Content, at.%

CORD Sample
Zr Fe oY Zr Fe 6

Rod sample No.1 71.7 25.6 2.68 55.7 32.5 11.9
30 Rod sample No.2 71.0 27.1 1.89 56.3 35.1 8.5

Rod sample No.3 69.2 29.2 157 55.0 37.9 7.1

Rod sample No.4 71.6 26.6 1.76 57.3 34.7 8.0

Rod sample No.2 73.2 211 5.7 52.2 24.6 23.2

Rod sample No.3 74.1 20.2 5.7 53.1 23.6 23.3
2 :) r)l(?gitz(ég)etal-rlch part, 64.9 13.2 21.99 30.7 10.2 59.1

Ingot (top part, oxidized) 792 | 161 | 47 | 599 | 199 | 203

(with correction for oxygen)

Ingot (oxide-rich part) 80.7 51 14.2 47.5 4.9 47.6

Rod sample No.2 73.8 20.6 5.60 53.0 24.1 229
35 Rod sample No.3 75.1 22.2 2.72 59.2 285 12.2

Ingot (oxidic layer) 73.8 0.3 25.9 33.2 0.2 66.6

Rod sample No.1 65.7 28.1 6.20 447 31.3 24.1

Rod sample No.2 68.3 25.3 6.40 46.7 28.3 25.0
39 Ingot (top part) 77.5 7.6 14.90 44.3 7.1 48.6

Ingot (oxide-rich part, 606 | 188 | 2067 | 200 | 147 | 563

oxidized)

Ingot (metal-rich part, 714 | 222 | 640 | 496 | 251 | 253

oxidized)

Rod sample No.1 78.6 20.8 0.63 67.7 29.3 3.1

Rod sample No.2 78.0 21.4 0.63 66.9 30.0 31

Above-melt crust 69.9 9.1 21.05 34.1 7.2 58.6
44 | Ingot — center (metal-rich 66.4 08 | 238 | 304 7.3 62.2

part, oxidized)

Ingot — center (metal-rich

part, oxidized) 86.2 12.7 1.03 76.4 184 52

(with correction for oxygen)

Rod sample No.1 39.8 58.2 1.94 27.3 65.1 7.6

Rod sample No.2 39.8 58.2 1.98 27.2 65.0 7.7

Ingot (metal-rich part, 338 | 431 | 2312 | 143 | 298 | 558
45 oxidized)

Ingot (metal-rich part,

oxidized) 43.2 55.1 1.76 30.2 62.8 7.0

(with correction for oxygen)

Aerosols 20.2 715 8.22 11.0 63.5 25.5

T _ oxygen was specified according to CTR results (Tab. 3.64) and the data on the main € ements were normalized;

2)

~oxygen determined from residue.

24

Both chemical analysis and XRF of rod samples from CORD30 have shown a decreased content of

Zr and increased of Fe in the samples.

Tab. 3.11 contains the elemental material balance for CORD33 taking into account the XRF data.
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Table 3.11. Elemental material balance for CORD33 based on the XRF data

Massof | Mass of Collected, g
Introd the i_ngot the ing_ot
Elem uced oxidic | metallic N _ D
ent n’ | pat), g/ | part?, g/ | samples’, | Oxidic | Metallic | L 9
g density, | density, g part, g part, g 9
g/cm glem?
Zr 291.74 45.12 85.89 177.38 308.39 +16.65
106 224
Fe 70.02 12.78 541 36.08 54.27 -15.75
6.9 6.5
o 30.04 3.50 15.11 10.53 29.14 -0.90

' _introduced into the melt, the spillages (m=7.8 g), debalance (M=5.5 g) and aerosols (m=1.9 g) excluded;
2 _masses of the oxidic and metallic parts were calculated on the basis of their densities and volumes (Tab. 3.4);
¥ _the mass of rod sample No.1 - 17.3 g, of rod sample No.2 - 18.2 g; of a sample (taken by spoon) —17.8 g.

It is obvious from Tab.3.11 that debalance for the main elements is ~ 17 g (compare with ~ 15 g in
Tab. 3.6). Thisis obviously determined by inhomogeneity of the ingot oxidic part and a greater error
in calculations of its composition.

Tab.3.12 contains the elemental material balance for CORD39 taking into account the XRF data.
Table 3.12. Elemental material balance for CORD39 based on the XRF data

Massof | Mass of Collected, g
Introd the ingot the ingot
Elem uced oxidic | metallic D
ent n' | part?, g | part?, g/ | Samples?, | Oxidic | Metallic | . g 9
g density, | density, g part,g¥ | part, g !
gem® | g/lem?®
Zr 267.62 34.69 28.26 212.19 275.14 +7.52
36 297
Fe 89.49 14.24 2.77 65.83 82.84 -6.65
5.6 6.4
0] 28.59 3.27 5.43 19.01 27.71 -0.88

D _introduced into the melt, the spillages (m=8.9 g), debalance (m=0.4 g) and aerosols (m=4.9 g) excluded;

2 _ masses of the oxidic and metallic parts were cal culated on the basis of their densities and volumes (Tab.3.4).
% _ the mass of sample No.1 - 36.3 g, of sample No.2 - 15.9 g;

“ _includes the above-mdlt crust, the mass of whichis 7.8 .

It is seen from Tab. 3.12 that debalance for the main elementsis~ 7.5 g.

The error of Zr and Fe content determination by X RF was less than 5 relative %.

3.4.6. SEM/EDX analysis

Microstructure and elemental composition of the samples were studied by means of scanning
electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDX).
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The SEM study employed the ABT-55 scanning electron microscope, and the OxfordLink
microprobe attachment was used for the elemental analysis of the samples regions marked for
examination.

The spectral characteristic was taken for each sample for determining its integral composition and
that for each separate phase. The quantitative analysis was made by comparing spectral intensity of
the reference (superpure, specially prepared substances) and studied samples. The used references of
U, Zr, Cr, Fe, Si, Ca, Ni were apart of the Link microprobe attachment set.

The threshold of reliable element identification depends on its sequential number in the
Mendeleyev’s periodic table and varies from 0.3 to 0.5 mass %. Detection of smaller quantities of
elementsisunreliable.

The EDX analyzer of the ABT-55 microscope is insensitive to light elements (to oxygen, for
instance), therefore the quantity of oxygen was determined with this instrument from the mass
deficiency and the error was ~5 mass %.

After the tests, the ingots were cut along the axis, and polished sections were produced from the
halves or quarters. Melt samples represented 0.5 — 1.0 mm-thick crystalline flakes quenched on the
rod cold surface. Thin sections were prepared from them, too. Then thin sections were examined by
SEM and the coexisting phases analyzed.

CORD30

Though objectives of the test had not been achieved, the samples of melt and corium ingot were
subjected to SEM/EDX. It was mentioned above that a ZrO.-rich layer crystallized on the pool
bottom during the test. As sampling was done at different time, the samples are characterized by
different temperature conditions (Fig. 3.1) of molten pool liquid part. Templates were made from the
melt samples and analyzed.

Noteworthy is that the samples differ microstructurally. For instance, round inclusions of the ZrO,
phase were found in the 1%, most refractory(2169°C) sample (Fig. 3.10, Tab. 3.15, Points P4, P4a).
In the 2™ and 3" samples (1950, 1852°C), the primary crystallization phase ZrO, in the form of
dendrites is evenly spread across the whole surface of thin section (a darker phase) (Figs. 3.11, 3.12
and Tab. 3.16, Point P3). The further cooling causes crystallization of the ZrgFesO-based phase
(Figs. 3.11, 3.12 and Tab. 3.16, Points P1 and P2). The 4™ sample (1950°C) is inhomogeneous in
terms of microstructure and composition (Fig. 3.13, Tab.3.18, SQ1 and SQ2).

.P1
. P2a

W23

T

i

Fig. 3.10. Micrograph of sample No.1 from CORD30
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Table 3.15. EDX datafor sample No.1

No. Zr Fe @)

sQ1 mass% | 7045 | 21.59 | 7.96
mol.% 46.62 | 23.33 | 30.04

P1 mass% | 74.07 | 2235 | 3.59
mol.% 56.53 | 27.86 | 15.60

P2 mass% | 7213 | 14.77 | 13.10
mol.% 4219 | 14.12 | 43.69

P2a mass% | 69.93 | 15.09 | 14.97
mol.% 38.86 13.7 | 47.44

P3 mass% | 59.13 | 23.68 | 17.19
mol.% 30.20 | 19.75 | 50.06

P4 mass % 77.23 - 22.77
mol.% 37.30 - 62.70

P4a mass% | 7656 | 0.84 | 22.59
mol.% 37.03 | 0.67 62.3
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Fig. 3.11. Micrographs of sample No.2 from CORD30
Table 3.16. EDX data for sample No.2
No. Zr Fe O
sQ1 mass% | 7091 | 239 5.19
mol.% 50.82 | 2798 | 212
P1 mass% | 70.93 23 6.07
mol.% 49.57 | 26.26 | 24.18
P2 mass% | 70.21 | 2553 | 4.26
mol.% 51.54 | 30.61 | 17.85
P3 mass% | 7258 | 4.86 | 22.56
mol.% 34.71 3.8 61.49
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Fig. 3.12. Micrographs of sample No.3 from CORD30
Table 3.17. EDX datafor sample No.3
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Fig. 3.13. Micrographs of sample No.4 from CORD30
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Table 3.18. EDX datafor sample No.4

No. Zr Fe @)

sQ1 mass% | 71.68 | 23.22 51
mol.% 51.69 | 27.35 | 20.96
SQ2 mass% | 46.75 | 50.02 | 3.23
mol.% 31.84 | 55.63 | 12.53

P1 mass% | 75.83 | 21.17 3.0
mol.% 59.46 | 27.11 | 1343
P2 mass% | 51.54 | 46.13 | 2.33
mol.% 36.77 | 53.76 | 9.48
P3 mass% | 45.69 | 5228 | 2.04
mol.% 3202 | 59.84 | 8.14

29

After crystallization from 1970°C, the ingot was cut along the axis and a template was produced
from it. The ingot consists of two parts separated by a crack. The top part represents the result of
molten pool crystallization after switching off the heating. Most likely, the lower part was solid at
when the heating was terminated. Microstructurdly, the top part of the ingot shows the dendritic
character of crystallization across the whole surface of thin section (Figs. 3.15, 3.16, 3.19). The
analysis of its microstructure suggests the existence of three main phases, namely ZrsFesO, ZrFe,(O)
and ZrO, (Fig. 3.15, Tab. 3.19, Points P1, P2, P3). It should be noted that the two latter phases are
hard to distinguish by contrast of the phases.

Microstructure of the bottom part is more complex, it being the result of the long-term phases
annealing after their crystallization on the pool bottom. The matrix phase is ZrO, (Fig. 3.17, Tab.
3.22, Point P4), from which the phases ZrgFe;O and ZrFe,(O) have crystallized (Fig. 3.17, Tab. 3.21,

Points P1 and P3).

Fig. 3.14. Axial section of the ingot from CORD30 (1970°C) with regions marked for

SEM/EDX analysis
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Fig. 3.15. Micrographsof region 1in thetop part of theingot from CORD30

Table 3.19. EDX datafor region 1

No. Zr Fe @]
sQ1 mass% | 70.26 | 22.78 6.96
mol.% 4775 | 25.29 | 26.96

P1 mass% | 74.16 | 21.88 | 3.96
mol.% | 55.98 | 26.97 | 17.05

P2 mass% | 46.04 | 485 | 546
mol.% | 29.44 | 50.65 | 19.91

P3 mass% | 74.08 | 0.61 | 25.31

mol.% 33.77 | 045 | 65.78
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Fig. 3.16. Micrographs of regions 2 and 3 in thetop part of theingot from CORD30
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Table 3.20. EDX datafor regions2 and 3

No. Zr Fe @)
sQ1 mass% | 69.61 | 2292 | 7.48
mol.% 46.50 | 25.01 | 28.49
sSQ2 mass% | 69.94 | 2285 | 7.22
mol.% 4713 | 25.14 | 27.73

HEHMAS Iy OET AAF Dwwrin - i i HEHMAS "Té CET AAF Dwwrin -

e A M7 NRZaTs 1 mm e A [ o) Dhe ) i pm

~rga FTAncs [t CTET
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4 (SQ1) 4-1
Fig. 3.17. Micrographs of region 4 in the bottom part of theingot from CORD30
Table 3.21. EDX datafor region 4

No. Zr Fe @)

sQ1 mass% | 7444 | 7.08 | 18.47
mol.% 3891 | 6.05 | 55.05

P1 mass % 758 | 2054 | 3.66
mol.% 58.2 | 25.76 | 16.04

P2 mass% | 61.52 | 33.59 | 4.88
mol.% 42.65 | 38.04 | 19.31

P3 mass% | 45.76 | 51.33 | 291
mol.% 3130 | 57.35 | 11.35

P4 mass% | 74.55 - 25.45
mol.% 33.94 - 66.06
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Fig. 3.18. Micrographs of regions 5 (boundary) and 6 in thetop layer of theingot from
CORD30

Table 3.22. EDX datafor region 6

No. Zr Fe @]
sQ1 mass% | 70.69 | 22.25 7.06
mol.% 4799 | 2467 | 27.34
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Fig. 3.19. Micrographsof regions 7 and 8 in thetop layer of theingot from CORD30
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Table 3.23. EDX datafor regions7 and 8

33

No. Zr Fe @)
sQ1 mass% | 70.86 | 20.65 | 8.49
mol.% 46.32 | 22.05 | 31.64
SQ2 mass% | 69.87 | 2451 | 5.62
mol.% 49.22 | 28.21 | 2257
SQ3 mass% | 71.36 | 2281 | 584
mol.% 50.29 | 26.25 | 23.46

Fig. 3.20. Micrographs of regions 9-11 in the bottom layer of the ingot from CORD30

CORD33

Templates were produced from melt samples and analyzed (Figs. 3.16-3.18, Tabs. 3.24-3.26). All
samples have a fine-grain dendritic structure characteristic of the conditions of rapid quenching. To
all appearance , the dendrite-forming phase is (a-Zr(O)) with a small content of iron (Fig. 3.21, Tab.
3.24, Points P2, P4, P6). Due to the absence of clear phase boundaries, other phases were impossible

to identify.

ISTC PROJECT-1950.2 CORPHAD



H i o &R g ':'._..u :
SEM Medt, 3792 CET. 694 Cualatln R R L EEW WA 400k  CETOEECesdw Ll 10 )
He 200k LEATE D1 i0S 1000 Vopa TTascan W I0ARY CATE 1 10 e UYL (e
et e W S LAEIESA M 81 B2

1(SQ1) 1-1

SEW W, 102 DE, 358 Dalacir
HY 00 ke CaTE: DI 1E 2I0um

2 (SQ2)

FEW WAL A0k CET BBE Cowim
Vaps @Teszan AV SOARY CATE 012 5 10 st vega BTwacan
CLEmGT A" WV FPM IIATVERN MW REE

2-1

SEW Ml 101 DE™, 52 Dalaciir

FEWBAL Ak CET BEE Cowim
HY 200k CTE: DIYIE I0um CATE 0172 05

Waga BTesan SRS 10 taga BTwE can
CEmRTA™ W20 FEM CAANEEn ML T NRER W

3 (SQ3) 3-1

Fig. 3.21. Micrographs of sample No.2 (2480°C) from CORD33
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Table 3.24. EDX datafor sample No.2

No. Zr Fe @)
SQ1 mass % 72.62 | 20.27 7.11
mol.% 49.64 | 22.63 | 27.72
SQ2 mass % 7257 | 20.07 71.37
mol.% 49.25 | 22.24 | 2851
SQ3 mass% | 72.70 | 20.31 6.99
mol.% 49.89 | 22.76 | 27.34
P1 mass% | 80.08 | 15.01 491
mol.% 60.39 | 1848 | 21.13
P3 mass % 68.45 | 25.92 5.62
mol.% 4791 | 29.64 | 22.45
P5 mass % 70.82 | 25.44 3.74
mol.% 5296 | 31.08 | 15.96
P2 mass % 79.99 1.20 18.81
mol.% 42.28 1.03 | 56.69
P4 mass% | 80.83 1.91 17.26
mol.% 4433 | 171 | 53.96
P6 mass % 80.51 1.13 18.36
mol.% 4305 | 0.99 | 55.96
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Fig. 3.22. Micrographs of sample No.3 (2390°C) from CORD33
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Table 3.25. EDX datafor sample No.3

No. Zr Fe O
s01 mass% | 72.87 | 2098 | 6.15
mol.% 51.24 | 2410 | 24.66
SQ2 mass% | 73.07 | 19.87 7.06
mol.% 50.13 | 22.27 | 27.60
SQ3 mass% | 73.32 | 20.42 6.26
mol.% 5151 | 23.43 | 25.06

P1 mass % 69.00 27.57 3.43
mol.% 51.66 | 33.71 | 14.63
P3 mass% | 69.84 | 27.01 3.15
mol.% 52.95 | 33.45 | 13.60
P5 mass% | 64.36 | 3257 | 3.06
mol.% 47.66 | 39.40 | 12.94
P2 mass% | 7861 | 5.92 15.47
mol.% 44.54 548 | 49.98
P4 mass% | 80.75 | 3.16 | 16.09
mol.% 45.45 2.90 51.64
P6 mass% | 80.79 | 233 | 16.88

mol.% 4468 | 211 | 53.21

After crystallization, the ingot was cut along the axis and a template was produced from one half
(Fig. 3.24). It should be noted that the separation of the ingot into layers could be revealed only after
polishing and etching the of the thin section. Microstructure of the top metal-rich part of the ingot is
dendritic across the whole surface of the thin section (Figs. 3.26-3.28), it being the evidence of
crystallization under quenching conditions. Also noteworthy is the sample’s porosity, which is
apparently due to shrinking of the forming intermetallic phases, or to the release of the dissolved
gases. The fine-dispersed structure does help to reliably identify composition of the crystallized
phases by SEM/EDX.

Microstructure of the bottom oxide-rich part is even more complicated. A refractory oxide-rich
liquid is monotectic under the immiscibility conditions, and thus the monotectic structure should be
observed. The analysis of microstructure of region 1 (Fig. 3.25) has shown the ZrO,., phase to be the
primary crystallization phase, in which uneven distribution of intermetallic phases was observed.
This may be due to the experimental procedure. Sample No.3 was taken in the end of the test (Fig.
3.4) & atemperature close to Tiq (2390°C), and this led to melt cooling and crust formation at the
melt surface, as a consequence.

Apparently, composition of the crust corresponded to that of the primary crystallization phase of the
molten pool metal-rich part. Presumably, crystallization of the oxide-rich part of the molten pool
containing a large quantity of the refractory phase also occurred at this time. Then, power in the melt
was increased. This caused crust melting and rising of the molten pool surface temperature. It is
unknown, if the layer that had crystallized at the poll bottom melted or not. Under such a scenario, a
temperature gradient in the oxide-rich layer and components repartitioning are possible and can
influence the results of analysis on determining the tie-line direction. It can be asserted that during
the test before sample No.3 was taken all the charge in the crucible was in the molten state and the
oxidic part of the pool was located slightly above the bottom. This is confirmed by the fact that the
crystallized ingot has a layer of crystallized metal-rich liquid under the oxidic layer (Fig. 3.25, region
1-1-1).
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Fig. 3.25. Micrographsof region 1 in the bottom part of theingot from CORD33

Table 3.27. EDX datafor region 1

No. Zr Fe @)
sQ1 mass% | 7851 | 7.28 | 14.22
mol.% 4579 | 6.93 | 47.28
sQ2 mass% | 71.84 | 17.99 | 10.17
mol.% 4513 | 1845 | 36.42

P1 mass% | 69.26 | 28.02 | 2.72
mol.% | 53.06 | 35.06 | 11.88
P2 mass% | 83.67 | 064 | 1569

mol.% 48.05 | 0.60 | 51.35
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Ceriom BT EEY S B TATRLL BEW

2 2-1

Fig. 3.26. Micrographsof region 2 in thetop part of theingot from CORD33
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Fig. 3.27. Micrographsof region 3in thetop part of theingot from CORD33

Table 3.28. EDX datafor region 3

No. Zr Fe @)
P1 mass% | 71.07 | 2592 | 3.01
mol.% 5443 | 3242 | 13.15
P2 mass% | 80.23 | 578 | 13.98
mol.% 47.36 | 558 | 47.06
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Fig. 3.28. Micrographsof region 4 in thetop part of theingot from CORD33
Table 3.29. EDX datafor region 4

No. Zr Fe O
mass % 64.84 | 1824 | 16.93
SQL Mmol.o% 33.92 | 1558 | 50.49
mol.% MeO, | 6852 | 3148

ST, AT T AT
# = Tl roe s ety e, e
i i ey i e ¥ e
:I' s el Rl ETAGH e 4
B Loy B Mg 2y +
R i
! b :
; . et L ¥ R o i i
* o L A vl o
g o » L 1 r
[ .y o g ok )]
B ¥ n, @
| |
i . 3 o
¥ *) L ! .
¥ A T Ty &
3 i b
=1 . v
Lt ¥ P R £5h
T ¥ ' Nl N Ty
T y o L ¥
% i s el R
o : SR g
..- :\. L b L -
i e AL ',
x ; ] :
i O S S|
ez AiTeses 1 ] I “rawlvaa
CalvRan L1000 R .

5-1

Fig. 3.29. Micrographsof region 5in thetop part of theingot from CORD33
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Fig. 3.30. Micrographsof region 6 in the bottom part of theingot from CORD33

CORD35

It has been mentioned above that the test included a lengthy process of equilibrium crystallization of
the melt in the bottom and peripheral parts of the pool. Crystallization was achieved by means of
slow vertical shifting of the crucible relative to the inductor. The molten pool was cooling at its
bottom when leaving the inductor electromagnetic field. This was leading to the reduction of total
heat content in the melt and crystallization of the latter at the bottom and along periphery of the pool
in accordance with the equilibrium diagram.

Before crystallization began, two rod samples were taken. Sample No.1 was taken hot from the
crucible and its surface got partially oxidized. To our opinion, the regions of the sample adjoining
the rod did not get oxidized. After crystallization of the molten pool for 4 hours 25 min, the 3" rod
sample was taken from the still uncrystallized part. The samples were meant for comparing melt
compositions before and after crystallization of a part of the molten pool. The results of SEM/EDX
analysis of the samples are presented in Figs. 3.31-3.33 and in Tabs. 3.30-3.32. Bulk composition of
the 1¥ and 2™ samples corresponded to that of samples from CORD33, thus showing results
reproducibility. The 3 sample was depleted in oxygen as the result of ZrO,. crystallization (to be
shown below).
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Fig. 31. Micrographs of sample No.1 from CORD35 (T=2475°C)

Table 3.30. EDX data for sample No.1

No. Zr Fe O
mass % 72.87 | 19.16 | 7.97
SQL Mmol % 4871 | 20.92 | 30.37
mol.% MeO, | 69.95 | 30.05 -
mass % 7272 | 2023 | 7.05
SQ2 ["mol.o% 49.82 | 22.64 | 27.54

mol.% MeO, | 68.76 | 31.24 -
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Fig.3.32. Micrographs of sample No.2 from CORD35 (T=2400°C)

Table 3.31. EDX datafor sample No.2

No. Zr Fe O
mass % 7186 | 21.27 | 6.87
SQ1 mol.os 4929 | 23.83 | 26.87
mol.% MeO, | 67.41 | 3259
mass % 7238 | 2063 | 6.99
SQ2 Mmol % 49.60 | 2309 | 27.31
mol.% MeO, | 68.23 | 31.77 -
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Fig.3.33. Micrographs of sample No.3 from CORD35 (T=2120°C)
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Table 3.32. EDX datafor sample No.3

No. Zr Fe O
mass % 7550 | 19.82 | 4.68
SQ1 mol.os 56.11 | 24.06 | 19.83
mol.% MeO, | 69.99 | 30.01
mass % 7482 | 2047 | 471
SQ2 Mmol % 55.38 | 24.75 | 19.88
mol.% MeO, | 69.11 | 30.89

The ingot produced by cooling the melt from 2120°C, was cut along the axis and a template was
produced from one half (Fig. 3.34). The SEM/EDX results for the examined regions are presented in
Figs. 3.35-3.43 and in Tabs. 3.33-3.36. The ingot periphery and its bottom part demonstrate the
crystallized layer of the equilibrium primary crystallization phase, which has a clear boundary with
the rest of the cooled melt. Microstructure of the primary crystallization phase layer may be observed
in the examined regions 4, 6-10 (Fig. 3.34). This layer consists of the ZrO, and a-Zr(O) phases (Fig.
3.38, Tab. 3.34). Depending on the temperature of the layer and direction of the heat removal
isotherm, the a-Zr(O) phase was crystallizing in the form of threads and round inclusions. The treads

of a-Zr(O) aternate with ZrO, so densely that is it impossible to clearly identify the ZrO, phase.

Fig. 3.34. Axial cut of the ingot from CORD35 (cooled from 2120°C) with regions marked for

SEM/EDX examination
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Fig. 3.36. Micrographsof regions 2 and 3 in theingot from CORD35
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Table 3.33. EDX datafor regions2 and 3

46

No. Zr Fe O
mass % 745 | 17.71 | 7.79
SQ1 mol.os 50.39 | 19.57 | 30.04
mol.% MeO, | 72.03 | 27.97 -
mass % 7234 | 2085 | 6.81
SQ2 Mmol % 4981 | 2345 | 26.74
mol.% MeO, | 67.99 | 32.01 -
mass % 76.26 | 21.13 | 261
PL "mol.% 60.69 | 27.47 | 1184
mol.% MeO, | 68.84 | 31.16 -
mass % 842 | 068 | 1512
P2 Mmol.% 49.09 | 065 | 50.26
mol.% MeO, | 98.7 | 1.3

Fig. 3.37. Micrographs of region 4 in theingot from CORD35
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Fig. 3.38. Micrographs of region 5in theingot from CORD35

ISTC PROJECT-1950.2 CORPHAD

a7



Table 3.34. EDX datafor region 5

No. Zr Fe O

mass % 7351 | 21.34 | 5.15
QL Mmol.% 53.37 | 25.31 | 21.32

mol.% MeO, | 67.83 | 32.17

mass % 82.71| 0.55 | 16.74
SQ2 Mmol.% 46.19 | 050 | 53.31

mol.% MeO, | 98.93 | 1.07

mass % 8361| - | 16.39
SQ3 mol.% 4722 - | 5278

mol.% MeOy 100 -

mass % 83.87 - 16.13
SQ4 Mmol.% 4770 - |52.30

mol.% MeOy 100 -

mass % 94.27 - 5.73
Pl mol.% 7426| - |25.74

mol.% MeOy 100 -

mass % 83.98 - 16.02
P2 mol.% 4790 - |5210

mol.% MeOy 100 -
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Fig. 3.39. Micrographs of region 6 in theingot from CORD35

ISTC PROJECT-1950.2 CORPHAD



Table 3.35. EDX datafor region 6

No. Zr Fe O

mass % 74.60 | 17.67 | 7.73
QL Mol.o% 50.56 | 19.56 | 29.87

mol.% MeO, | 72.10 | 27.90

mass % 84.65 - 15.35
SQ2 ["mol % 2917| - |50.83

mol.% MeO, | 100 | -

mass % 84.97 - 15.03
SQ3 "mol.% 2979 - |5021

mol.% MeO, | 100 | -

mass % 94.73 - 5.27
Pl 'mol.% 75.92| - | 24.08

mol.% MeO, | 100 | -

mass % 84.69 - 15.31
P2 "mol.% 4924 - |50.76

mol.% MeO, | 100 | -

7-1-1

Fig. 3.40. Micrographsof region 7 in theingot from CORD35

ISTC PROJECT-1950.2 CORPHAD

50



51
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Fig. 3.41. Micrographsof region 8 in theingot from CORD35

Table 3.36. EDX datafor region 8

No. Zr Fe O
mass % 84.82 - 15.18
QL Mol.o% 4949 - |5051
mol.% MeO, | 100 | - -
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Fig. 3.42. Micrographs of region 9in theingot from CORD35
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Fig. 3.43. Micrographs of region 10 in the ingot from CORD35
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CORD39

Two rod samples of the melt were taken during the test and conventionally divided into several parts.
Sample No.1 was divided into 4 and sample No.2 into two parts (Fig. 3.39). The results of
SEM/EDX analysis of rod samples are given in Figs. 3.45-3.50 and in Tabs.3.37-3.42. Bulk
composition of the sample parts is different. Separation of the second liquid has been observed in the
samples’ microstructure. It may be he result of secondary separation, or capturing of the second
liquid when sampling was performed. In sample No.2-2 (Fig.3.50, Tab. 3.42) three phases can be
distinguished: the Zr,Fe(O) intermetallic phase, ZrFe,(O) intermetallic phase and ZrO, with a small
content of iron.

1-1
1-2
1-3

Sample #1 Sample #2

Fig. 3.44. Sketch of rod samplersfrom CORD39 with sampling regions marked for
examination
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Fig. 3.45. Micrographs of sample No.1-1 from CORD39
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Table 3.37. EDX data for sample No.1-1

No. Zr Fe O
mass % 6161 | 2953 | 8.86
SQ1 mol.os 3842 | 30.08 | 3149
mol.% MeO, | 56.09 | 43.91
mass % 6306 | 27.74 | 92
SQ2 Mmol % 3921 | 2818 | 3261
mol.% MeO, | 58.19
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Fig. 3.46. Micrographs of sample No.1-2 from CORD39
Table 3.38. EDX data for sample No.1-2

No. Zr Fe O
mass % 6125 | 30.72 | 803
SQL Mmol % 3896 | 31.92 | 29.12
mol.% MeO, | 54.97 | 45.03 -
mass % 6162 | 3057 | 7.81
SQ2 Mmol % 3948 | 31.99 | 2853
mol.% MeO, | 55.24 | 44.76 -
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Fig. 3.47. Micrographs of sample No.1-3 from CORD39
Table 3.39. EDX data for sample No.1-3

No. Zr Fe O

mass % 64.00 | 26.76 | 9.24
SQL Mmol % 39.90 | 27.25 | 32.85

mol.% MeOy, | 59.41 | 40.59

mass % 6507 | 2573 | 9.20
SQ2 Mmol % 40.78 | 26.34 | 32.89

mol.% MeO, | 60.76 | 39.24 -

mass % 6480 | 26.71 | 849
SQ3 Mmol % 41.32 | 27.81 | 30.87

mol.% MeO, | 59.76 | 40.24 -
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Fig. 3.48. Micrographs of sample No.1-4 from CORD39

Table 3.40. EDX datafor sample No.1-4

No. Zr Fe O
mass % 6165 | 285 | 9.85
SQL Mmol % 3751 | 2832 | 3417
mol.% MeOy, | 56.98 | 43.02
mass % 61.33 | 2928 | 9.39
SQ2 Mmol % 377 | 294 | 329
mol.% MeO, | 56.18 | 43.82 -
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Fig. 3.49. Micrographs of sample No.2-1 from CORD39

Table 3.41. EDX datafor sample No.2-1

No. Zr Fe O

mass % 6581 | 26.18 | 8.01
SQL Mmol % 4267 | 27.73 | 29.60

mol.% MeO, | 60.62 | 39.38

mass % 6490 | 2548 | 9.62
SQ2 Mmol % 40.22 | 25.79 | 33.99

mol.% MeO, | 60.93 | 39.07

mass % 6517 | 2605 | 8.79
SQ3 Mmol % 4129 | 26.96 | 31.74

mol.% MeO, | 60.50 | 39.50 -
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Fig. 3.50. Micrographs of sample No.2-2 from CORD39
Table 3.42. EDX datafor sample No.2-2
No. Zr Fe O

mass % 5056 | 32.07 | 8.38

SR Mmolos 37.29 | 32.80 | 29.91
mol.% MeO, | 53.21 | 46.79

mass % 61.73 | 31.00 | 7.27

SQ2 Mmol.% 4013 | 32.92 | 26.95
mol.% MeOy 54,94 45.06

mass % 66.13 | 27.22 | 6.66

PL Mmol.% 4452 | 2993 | 2555
mol.% MeO, | 59.80 | 40.20

mass % 4058 | 55.95 | 3.47

P2 "ol % 26.74 | 60.23 | 13.03
mol.% MeOy 30.74 69.26

mass % 7318 | 1.08 | 25.74

P3 "ol % 3301 | 08 | 66.19
mol.% MeO, | 97.63 | 2.37
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After crystallization, the ingot was cut along the axis and a template was produced from one half
(Fig. 3.51). The results of SEM/EDX analysis of the examined regions are presented in Figs. 3.52—
3.55 and in Tabs. 3.43-3.46. Unlike in CORD33, the oxide-rich part was at the ingot top. It should
be mentioned that like in CORD33, the boundary between the oxidic and metallic parts could be
detected only after polishing. Microstructure of the oxide-rich top part of the ingot is dispersed and
heterogeneous (Fig. 3.52); it confirms the high rate of melt crystallization. The primary
crystallization phase is ZrO,.x (Point P2 Fig. 3.52, Tab. 3.43), which dissociates at cooling into ZrO,
and a-Zr(O) (small white inclusions in the ZrO, matrix). The second phase (Point P1 Fig. 3.52, Tab.
3.43), has apparently resulted from the secondary separation during melt cooling.

Microstructure of the metal-rich part of the ingot is more complicated. Regions 2, 4, 6 (Figs. 3.53—
3.55) contain secondary oxide-rich isolates which apparently form at cooling of the metal-rich liquid.
In regions 2, 5, 6 (Figs. 3.53-3.55) attention is drawn to the ~ 1 mm thick refractory phase (ZrO)
that had crystallized on the crucible sections. The ZrO, matrix contains iron-rich inclusions. Due to
the absence of standards, fuzziness of interphase boundaries and lack of contrast, phase composition
of the metal-rich liquid is difficult to identify. Perhaps, the primary crystallization phase is ZrO,.. Its
quantity should be small (Fig. 3.53, Tab. 3.44 Point P5). Then the ZrsFe;O-based and ZrFey(O)-
based phases crystallize (Points P3 and P4, Fig. 3.53, Tab. 3.44).

Fig. 3.51. Axial cut of theingot from CORD39 (cooled from ~2520°C) with regions marked for
SEM/EDX analysis
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Fig. 3.52. Micrographsof region 1 in theingot from CORD39
Table 3.43. EDX datafor region 1

No. Zr Fe O

mass % 7364 | 7.26 | 19.11
SQL Mmol % 3787 | 610 | 56.03

mol.% MeO, | 86.14 | 13.86 -

mass % 67.28 | 2608 | 6.64
PL "mol.% 4554 | 28.83 | 25.63

mol.% MeOy, | 61.23 | 38.77

mass % 75.95 - 24.05
P2 Mmol.% 35.64 - 64.36

mol.% MeOy 100 -
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Fig. 3.53. Micrographsof region 2 in theingot from CORD39
Table 3.44. EDX datafor region 2

No. Zr Fe O
mass % 7083 | 838 | 20.78
SQL Mmol % 3489 | 6.75 | 58.36
mol.% MeO, | 838 | 16.2 -
mass % 6447 | 2503 | 105
SQ2 Mmol % 3002 | 2474 | 36.23
mol.% MeO, | 61.20 | 38.80 -
mass % 7716 | 17.49 | 535
PL "mol.% 56.64 | 20.98 | 22.38

mol.% MeOy | 7297 | 27.03
P2 | mass % 74.95 - 25.05

ISTC PROJECT-1950.2 CORPHAD




mol.% 34.42 - 65.58
mol.% MeO, | 100 -
mass % 7378 | 214 | 481
P3 Mmol.% 5418 | 2567 | 20.15
mol.% MeO, | 67.85 | 32.15 -
mass % 40.99 | 5412 | 4.89
P4 "mol % 26.06 | 56.2 | 17.73
mol.% MeO, | 31.69 | 68.31 -
mass % 7474 | 0.67 | 2459
PS5 "mol.% 3459 | 051 | 649
mol.% MeO, | 98.55
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Fig. 3.54. Micrographs of regions 3-5 in the ingot from CORD39
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Table 3.45. EDX datafor region 4

No. Zr
mass % 62.31
SQ1 mol.os 35.96
mol.% MeO, | 59.90
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Grm3cen W10 EEL CorBionWa2III0 B2K
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Fig. 3.55. Micrographsof region 6 in theingot from CORD39
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Table 3.46. EDX datafor region 6

No. Zr Fe O

mass % 73.79 | 1.89 | 24.32
SQ1 | mol.% 3424 | 1.44 | 64.33

mol.% MeO, | 95.97 | 4.03

mass % 64.20 | 20.82 | 14.98
SQ2 | mol.% 34.97 | 18.52 | 46.52

mol.% MeO, | 65.38 | 34.62

mass % 63.46 | 25.57 | 10.97
SQ3 | mol.% 37.82 | 24.89 | 37.28

mol.% MeO, | 60.31 | 39.69

mass % 69.21 | 27.31 | 3.48
P1 | mol.% 51.79 | 33.38 | 14.84

mol.% MeO, | 60.81 | 39.19

CORD44

Two rod samples were taken during the test. The results of SEM/EDX analysis of the samples are
given in Figs. 3.56-3.57 and in Tabs.3.47-3.48. Microstructuraly, the samples are fine-grained, it
being an evidence that sampling was done under quenching conditions. Phase composition of the
samples is difficult to determine because of the fine-grain structure and fuzziness of the phase
boundaries. Fig. 3.58 presents microstructure of the crust. The crust had formed during the
production and shrinking of the molten pool. At the time of T;iq measurement, the crust was solid and
was overhanging the melt surface. The crust shows a decreased content of iron (Tab. 3.41 Region

SQ1) and round inclusions of ZrO, (Tab. 3.49 Point P1).

1-1(SQ2)

2(SQ3)
Fig. 3.56. Micrographs of sample No.1 from CORD44 (1800°C)
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Table 3.47. EDX datafor sample No.1

No. Zr Fe ~0
sQ1 | mass% 75.65 | 24.35 -
mol.% 6554 | 3446 | -
mass % 7517 | 2437 | 046
Q2 Mol.% 6393 | 3386 | 221
mol.% MeO, | 6537 | 34.63
sQ3 | mas% 7350 | 2650 | -
mol.% 62.94 | 37.06 | -
P1 mass % 69.45 30.55 -
mol.% 5819 | 4181 | -
Py | mass% 7000 | 3000 | -
mol.% 5882 | 4118 | -
p3 | mass% 7222 | 2778 | -
mol.% 6142 | 3858 | -
mass % 8622 | 141 | 12.38
P4 hol.% 5419 | 144 | 4437
mol.% MeO, | 97.41 | 259

1(SQy

2(SQ2)

Fig. 3.57. Micrographs of sample No.2 from CORD44 (1820°C)
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Table 3.48. EDX datafor sample No.2

No. Zr Fe ~0

mass % 7539 | 24.14 | 046
R Mmol.% 64.18 | 3357 | 225

mol.% MeO, | 65.66 | 34.34

mass % 7341 | 2409 | 251
Q2 Mol.% 57.78 | 3097 | 11.25

mol.% MeO, | 6511 | 34.89

1 1-1(SQ1)

2(SQ2)
Fig. 3.58. Micrographs of the above-melt crust from CORD44
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Table 3.49. EDX data for the above-melt crust

No. Zr Fe ~0
mass % 83.20 541 | 11.39
R Mmol.% 53.00 | 5.63 | 41.37
mol.% MeO, | 90.40 | 9.60
mass % 7153 | 1258 | 15.90
Q2 Mmol.% 30.15 | 11.24 | 49.61
mol.% MeO, | 77.69 | 2231
mass % 63.60 | 045 | 3595
Pl mol.% 2362 | 027 | 76.11
mol.% MeOy 08.85 1.15

After crystallization, the ingot was cut along the axis and a template was produced from one half
(Fig. 3.59). The results of SEM/EDX analysis of the examined regions are presented in Figs. 3.60—
3.69 and in Tabs. 3.50-3.56. Unusual crystallization with different microstructure inside and along
periphery of the ingot was recorded. Inside, the ingot microstructure is uniform, with bulk
composition that corresponds to that of the samples taken in the course of the test. The primary
crystallization phase is apparently a-Zr(O) (Figs. 3.62, 3.65, Tabs. 3.51, 3.54 Point P1), while the
secondary crystallization phases are intermetallides composed of ZrsFe(O) in general. Noteworthy
is high porosity which may be due to shrinking of the intermetallic phases and release of the
dissolved gases during crystallization of the melt. Periphery of the ingot is depleted in iron and is
rich in the refractory phase ZrO,. Seemingly, a part of the refractory phase had crystallized on the
cold crucible walls during the molten pool formation. At the time of T;i; measurement, the refractory
phase remained solid and was surrounding the melt. Unusual crystallization in the ingot can also be
observed, for instance in Region 5. At switching the HF heating off, a part of the above-melt crust
broke into the cooling melt and dissolved in it. Probably, this caused a crystallization that differed
from that at the molten pool bottom.

Fig. 3.59. Axial cut of theingot from CORDA44 (cooled from 1820°C) with regions marked for
SEM/EDX examination
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Fig. 3.60. Micrograph of region 1in theingot from CORD44

2-1-1-2
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Fig. 3.61. Micrographsof region 2 in theingot from CORD44
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Table 3.50. EDX datafor region 2

No. Zr Fe ~0
mass % 7407 | 281 | 2311
SR "'mol.% 3520 | 218 | 62.62

mol.% MeOy 94.16 5.84

mass % 7365 | 029 | 26.06
Pl mol.% 3307 | 021 | 66.71

mol.% MeO, | 99.36 | 0.64

mass % 7540 | - 24.60
P2 "mol.% 3497 | - 65.03

mol.% MeOy 100.0 -

mass % 60.13 | 27.42 | 1246
P3  "mol.% 3418 | 2546 | 40.37

mol.% MeO, | 57.31 | 42.69

mass % 60.92 | 27.67 | 1142
P4 mol.% 3558 | 26.40 | 38.02

mol.% MeO, | 57.41 | 42.59

mass % 62.66 | 27.56 | 9.79
PS5 Mmol% 3833 | 27.54 | 3413

mol.% MeO, | 58.19 | 41.81

mass % 5414 | 39.05 | 681
P6  Mmol% 3453 | 40.69 | 24.78

mol.% MeOy 4591 | 54.09

mass % 53.84 | 3953 | 6.62
P7  mol.% 3448 | 41.35 | 24.18

mol.% MeO, | 4547 | 54.53

mass % 4116 | 56.65 | 2.19
P8  "Mmol.% 2816 | 63.30 | 854

mol.% MeO, | 30.79 | 69.21
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Fig. 3.62. Micrographs of region 3in theingot from CORD44

Table 3.51. EDX datafor region 3

No. Zr Fe ~0
mass % 57.90 | 17.07 | 25.03
QL "mol.% 2534 | 1220 | 6246
mol.% MeO, | 67.50 | 32.50
mass % 61.93 | 2078 | 17.29
Q2 Mol.% 31.85 | 17.46 | 50.69
mol.% MeO, | 6459 | 3541
mass % 7966 | 055 | 19.79
Pl olo% 4119 | 046 | 58.35
mol.% MeO, | 98.89 | 1.11
mass % 66.66 | 2597 | 7.37
P2 "mol.% 4412 | 2808 | 27.80
mol.% MeO, | 6111 | 38.89
mass % 6657 | 2627 | 7.16
P3  ["mol.% 4429 | 2855 | 27.16
mol.% MeO, | 60.81 | 39.19
mass % 6337 | 2740 | 923
P4 ol.% 3042 | 27.85 | 32.73
mol.% MeO, | 58.60 | 41.40
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Fig. 3.63. Micrographs of region 4 in theingot from CORD44
Table 3.52. EDX datafor region 4

71

No. Zr Fe ~0
mass % 58.07 | 18.93 | 23.00

SQ1 | mol.% 26.38 | 14.04 | 59.58
mol.% MeO, | 6526 | 34.74

5-1(SQ1)
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Fig. 3.64. Micrographsof region 5in theingot from CORD44
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Table 3.53. EDX datafor region 5

No. Zr Fe ~0
mass % 67.12 | 19.48 | 13.40
SR "'mol.% 3827 | 18.15 | 4358
mol.% MeO, | 67.84 | 32.16
mass % 62.68 | 820 | 29.12
Q2 Mmol.% 2589 | 553 | 6858
mol.% MeO, | 8240 | 17.60
mass % 63.27 | 10.26 | 26.47
SQ3 'mol.% 2740 | 7.25 | 65.35
mol.% MeOy 79.06 | 20.94
mass % 6291 | 923 | 27.86
Q4 Mmol.% 2657 | 6.37 | 67.07
mol.% MeO, | 80.67 | 19.33
mass % 62.81 | 12.45 | 24.74
SQ3  ['mol.% 2801 | 907 | 62.92
mol.% MeO, | 7554 | 24.46
mass % 6657 | 25.88 | 7.55
Pl mol.% 4383 | 27.84 | 28.33
mol.% MeO, | 6116 | 38.84
mass % 56.00 | 40.88 | 3.03
P2 "mol.% 40.03 | 47.66 | 12.31
mol.% MeO, | 4565 | 54.35
mass % 7364 | 437 | 21.99
P3  "mol.% 35.72 | 346 | 60.82
mol.% MeOy 91.17 8.83
mass % 6148 | 3.76 | 34.76
P4 mol.% 2313 | 231 | 7456
mol.% MeO, | 90.92 | 9.8
mass % 5834 | 034 | 41.32
PS5 Mmol% 1981 | 0.19 | 80.00
mol.% MeO, | 99.07 | 0.93
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Fig. 3.65. Micrographs of region 6 in theingot from CORD44
Table 3.54. EDX datafor region 6
No. Zr Fe ~0
mass % 64.88 | 2164 | 1347
QL "ol.% 36.64 | 19.97 | 43.39
mol.% MeO, | 64.73 | 35.27
mass % 64.97 | 2344 | 1159
Q2 Mol.% 3837 | 2261 | 39.03
mol.% MeO, | 62.92 | 37.08
mass % 7916 | 093 | 19.92
Pl ol.o% 40.75 | 0.78 | 5847
mol.% MeO, | 9813 | 187
mass % 66.48 | 27.07 | 645
P2 "mol.% 45.08 | 29.99 | 24.92
mol.% MeO, | 60.05 | 39.95
mass % 6356 | 27.71 | 873
P3  ["mol.% 40.08 | 2854 | 31.38
mol.% MeO, | 5841 | 4159
mass % 63.76 | 27.00 | 834
P4 hol.% 40.65 | 29.05 | 30.30
mol.% MeO, | 58.32 | 4168

ISTC PROJECT-1950.2 CORPHAD

74



75
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Fig. 3.66. Micrograph of region 7 in theingot from CORD44

Table 3.55. EDX datafor region 7

No. Zr Fe ~0
mass % 54.73 | 17.87 | 27.40

SR Mmol.% 2279 | 12.15 | 65.06
mol.% MeO, | 6522 | 34.78

8-1-1 (SQ1)

Fig. 3.67. Micrographs of region 8 in theingot from CORD44

8-1-1-1
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Table 3.56. EDX datafor region 8

No. Zr Fe ~0
mass % 62.44 | 368 | 33.88
R Mmol.% 2387 | 230 | 73.83

mol.% MeO, | 91.21 | 879

mass % 6396 | 27.01 | 813
Pl ol.o% 41.02 | 2923 | 29.74

mol.% MeO, | 5839 | 4161

mass % 74.76 - 25.24
P2 mol.% 3419 | - 65.81

mol.% MeO, | 100.0 | -

mass % 58.64 - 41.36
P3  ["mol.% 19901 | - 80.09

mol.% MeO, | 100.0 | -

Fig. 3.68. Micrographs of region 9in theingot from CORD44
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Fig. 3.69. Micrographsof region 10 in the ingot from CORD44

CORD45

Two rod samples were taken in the course of the test. The results of SEM/EDX analysis of rod
samples are given in Figs. 3.70-3.71 and in Tabs. 3.57-3.58. Microstructure of the samples is
composed by grains of the ZrFe;(O) phase (Fig. 3.70 Point P1), along the boundaries of which beads
of metallic iron are located (Fig. 3.70 Point P2). Of special interest are spherical inclusions of ZrO,
with small content of iron (Fig. 3.70 Point P3). Their spherical shape indicates that they were liquid
at the time of sampling and were quenched later. Thus, it may be supposed that the melt was within
the miscibility gap.
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Fig. 3.70. Micrographs of sample No.1 (T=2540°C) from CORDA45

Table 3.57. EDX datafor sample No.1

No. Zr Fe @)
sQ1 | mass% 3545 | 64.55 -
mol.% 25.16 | 74.84 -
SQ2 mass % 35.84 | 64.16 -
mol.% 2548 | 74.52 -
sQ3 | mass % 36.42 | 63.58 -
mol.% 25.96 | 74.04 -
p1 | mass% 3640 | 6360 | -
mol.% 2595 | 74.05 -
Py | mass% 1764 | 8236 | -
mol.% 11.59 | 88.41 -
mass % 63.08 6.19 | 30.74
P3 Mol % 2539 | 4.07 | 7054
mol.% MeOy 86.19 | 13.81
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Fig. 3.71. Micrographs of sample No.2 (T=2600°C) from CORD45

Table 3.58. EDX data for sample No.2

No. Zr Fe @]
sQ1 | mess % 3748 | 62.52 -

mol.% 26.84 | 73.16 -
SQ2 mass % 35.47 64.53 -

mol.% 2518 | 74.82 -

After crystallization, the ingot was cut along the axis and a template was produced from one half
(Fig. 3.72). The results of SEM/EDX analysis of the examined regions are presented in Figs. 3.73—
3.76 and in Tab. 3.50-3.56. The whole section of the ingot shows uniform microstructure, the
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analysis of which allows a conclusion about coexistence of three phases, that is ZrFe;(O), metallic
iron and inclusions of Zr(Fe)O.x (Fig. 3.73, Tab.3.59, Points P4, P6 and Fig.3.76, Tab. 3.62, Point
P1) Besides, round formations of ZrO, are observed throughout the investigated volume of the ingot
(2, 2-1, 4, 5-1), it being the evidence that here lies the miscibility gap boundary. In this case, the
ZrO,-based liquid is present in insignificant quantity and is spread throughout the volume as separate
drops. Like in other tests, the refractory phase ZrO, crystallizes in the regions that adjoin the cooled
crucible surfaces (Fig.3.73 Region 1-1, Tab. 3.59 Point P3). Thickness of the crust is approximately
0.5 mm.

Fig. 3.72. Axial cut of theingot from CORDA45 (cooled from 2540°C) with regions marked for
SEM/EDX examination
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Fig. 3.73. Micrographs of region 1 in theingot from CORD45

1-2-1-2 (SQ3)
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Table 3.59. EDX datafor region 1

No. Zr Fe O
sQ1 | mas% 3588 | 6412 | -
mol.% 2551 | 7449 | -
sQ2 | mas% 3710 | 6290 | -
mol.% 2653 | 7347 | -
sQ3 | mass% 3710 | 6290 | -
mol.% 2653 | 7347 | -
P1 mass % 72.89 27.11 -
mol.% 6220 | 37.80 | -
Py | mass% 3936 | 60.64 | -
mol.% 2844 | 7156 | -
mass % 7541 | - 24.59
P3  ["mol.% 3498 | - 65.02
mol.% MeO, | 100.0 | -
P4 | mass% 3720 | 6280 | -
mol.% 2661 | 7339 | -
p5 | mass% 36.94 | 6306 | -
mol.% 2640 | 7360 | -
Pg | mass% 1087 | 89.13 | -
mol.% 6.95 | 93.05 | -
p7 | mass% 3669 | 6331 | -
mol.% 2619 | 7381 | -
pg | mass% 3522 | 6478 | -
mol.% 2497 | 7503 | -

2(SQ1)
Fig. 3.74. Micrographs of region 2 in theingot from CORD45
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Table 3.60. EDX datafor region 2

No. Zr Fe @]
sQ1 | mess % 36.54 | 63.46 -
mol.% 26.06 | 73.94 -

3

Fig. 3.75. Micrographs of regions 3-4 in the ingot from CORD45

5(SQ1)

Fig. 3.76. Micrographs of region 5in theingot from CORD45
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Table 3.62. EDX datafor region 5

No. Zr Fe O
sQ1 | mass% 36.89 | 6311 | -
mol.% 26.35 | 7365 | -
sQ2 | mass% 3548 | 64.52 -
mol.% 2519 | 7481 | -
mass % 81.82 | 206 | 16.12
Pl mol.% 4620 | 1.90 | 51.90
mol.% MeO, | 96.05 | 3.95

3.5. Visual polythermal analysis in the cold crucible (VPA IMCC).

Figs. 3.77-3.82 and Tabs. 3.63 contain the processed and generalized data from the CORD
experimental series. The data were obtained from studies of the Zr-Fe-O system by means of VPA
IMCC. The figures show fragments of thermograms with videoframes of the melt at the instant of

Tiiq measuring.
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Fig. 3.77. Thermogram with the molten pool surface videoframes from CORD33
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Fig. 3.78. Thermogram with the molten pool surface videoframes from CORD35 ¢
(measurement made before crystallization of the refractory phase)
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Fig. 3.79. Thermogram with the molten pool surface videoframes from CORD35
(measurement made after crystallization of therefractory phase)
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Fig. 3.80. Thermogram with the molten pool surface videoframes from CORD39
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Fig. 3.81. Thermogram with the molten pool surface videoframes from CORD44
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Cord 45
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Fig. 3.82. Thermogram with the molten pool surface videoframes from CORD45

Table 3.63. Results of Tjig measuring by VPA IMCC in theZr-Fe-O system

Melt composition calculated .
from the charge, spillages, Melt samplescolmpostlon,
Test debalance and aer osols at. % Tiiq, °C
included, at. %
Zr Fe @] Zr Fe @]
2379
CORD33 50.5 19.8 29.7 - - - 2382
2385
CORD35 52.4 195 28.2 - - - 2380
CORD35? 60.3 27.4 12.3 2293
2453
CORD39 46.4 25.3 28.3 - - - 2457
2490
3 1770
CORD44 66.2 30.7 31 1780
1790
CORDA45 309 | 615 7.6 ; ; ; 2505
2535

Y _ averaged values from Tab.4.1
2 for sample No.3
9. for sample No.2

The calculated melt compositions are given for T4 values measured in the tests with melt
stratification (CORD33, 35, 39, 45). In CORD44, not all crucible charge melted down, therefore the
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melt sample composition corresponds to the measured Tjiq. In CORD35, the long-term equilibrium
crystallization of the melt was followed by melt sampling and Tjiq measurement of the remaining
melt.

3.6. X-ray diffraction (XRD)

In order to identify the coexisting phases, the samples from CORD33, 44 and 45 were subjected to
XRD using the DRON-3M automatic diffractometer with FeK, emission. Phases were identified by
comparison with the standard difractograms from the JCPDS file /25/. Fig. 3.83 shows difractograms
of samples prepared from rod samples and from the oxide-rich part of the ingot from CORD33.

& ZrO, — 37-1484 (mono.)

o ZrgFes0 — 17-559 (cub.)

o Zr30 —22-1025 (rhombohed.)
v ZrFe—25-420 (tetr.)

o ZrFe;—17-360 (cub.)

v{ C)

35 40 45 50 55 60 65
2 theta

Fig. 3.83. Difractograms of samples from CORD33: a) ingot (oxide-rich part); b) rod sample
No.1; ¢) rod sample No.2

The offered difractograms give a qualitative characteristic of the phase composition of samples from
CORD33. Such phases as ZrO,, a-Zr(O) and ZrgFesO and a small quantity of intermetallides Zr,Fe
and ZrFe, (Fig. 3.83, a) have been recorded for the oxide-rich bottom part of the ingot. Two of these
phases are nonequilibrium. The same phases, though in different ratios, have been identified in the
melt samples corresponding to the metal-rich part of the ingot (Fig. 3.83, b, ).

Fig. 3.84 presents difractograms of the samples prepared from rod samples from CORD44 and 45.
Such phases as a-Zr(0), ZrgFes0, ZrO, and Zr;Fe have been identified for CORD44, and ZrO;,
ZrFe, and Zr,Fe for CORDA45. Besides, iron may be present in insignificant quantities. In each of
these tests one of the phases is nonequilibrium.
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The presence of unidentified reflexes in difractograms should be noted. Probably, their presence is
related to the existence of oxygen-containing intermetallic compounds, formation of which in this
domain of the diagram is possible, but data on them are not available in any literature sources.

o Zr30 —22-1025 (rhombohedr.)
o ZrgFes0 — 17-559 (cub.)
s ZrO, — 37-1484 (mon.)
v Zr,Fe—25-420 (tetr.)
o ZrFe, — 18-666 (cub.)
«u Fe— 6-696 (cub.)

d)
c)
o
y oV o °
‘ b)
A %o o ¢ °
v 9 o a)

30 35 40 45 50 55 60 65 70 75 80
2 theta

Fig. 3.84. Difractograms of samplesfrom CORDA44: a) crust; b) rod sample No.1; c¢) rod sample
No.2; CORD-45: d) rod sample No.2

3.7. Differential Thermal Analysis (DTA)

The method of differential thermal analysis (DTA) was used for T, determination. Specimen were
prepared from the melt samples and ingots from CORD33, 35, 44 and 45. The SETSY S Evolution-
2400 analyzer was used for DTA and the SETSOFT 2000 software package for processing the
results.
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=== Garrier gas
==ms Furnace protective gas
=== Auxiliary gas

G
= Gas analyzer Vacuum pump

Fig. 3.85. SETSY S Evolution-2400, appearance and schematics

SETSY S Evolution-2400 (Fig. 3.85) covers an extremely wide temperature range from 196°C up to
2400°C and is designed for performing DSC, DTA, TG-DTA and TG-DSC measurements. The
accuracy of temperature determination is £2.5°C. The furnace working space may be either
vacuumized, or filled with different gases, e.g., air, argon, helium, carbon dioxide. Such a system
provides priceless information about the oxidation-sensitive samples.

The analysis employed alumina crucibles. It should be noted that al samples contain big amounts of
intermetallic compounds, since samples for these measurements were taken from metallic parts of
the ingots, and this complicates the analysis. T« of the samples was noted to identify well by this
analysis. Interaction with the crucible was recorded upon appearance of the liquid phase, therefore it
was impossible to measure Tjiq by this method. Figs. 3.86-3.90 show fragments of DTA curves with
the results of measurements.

Analysis specifications:

The mass of samples was » 38-118 mg, the measuring cell was purged with helium at 4 ml/min. The
heating rate was 5°C/min, and a B-type thermocouple (Pt-30%Pt/Rh - 6% Rh) was used.
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Fig. 3.86. DTA curve during heating of the sample from the metal-rich part of the ingot from
CORD33

SETSYS Evolution - 24

Figure: Experiment: 1 Cord 35 (center slitka)
001.03.2006 Procedure: (Zone 1)

Crucible: Al203100 pl Carrier gas: Vide - Coeff. ;|

Mass (mg): 117.45
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Fig. 3.87. DTA curve during heating of the sample from the metal-rich part of the ingot from
CORD35
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Fig. 3.88. DTA curve during heating of the sample from the metal-rich part of the ingot from

CORD39
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Figure: Experiment: Cord 44 (probe 1)_2 Crucible: A203 100 pl Carrier gas: Vide - Coeff. |
SETSYS Evolution - 24043.07.2006  Procedure:  (Zone 1) Molar mass:  107.8 Mass (mg): 50.1
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Fig. 3.89. DTA curveduring heating of the sample from theingot from CORD44.
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Figure: Experiment: Cord 45 (fienter verh slitka) Crucible: Al203 100 pl Carrier gas: Vide - Coeff. |

SETSYS Evolution - 24087.07.2006  Procedure:  (Zone 1) Molar mass:  107.8 Mass (mg): 38.85
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Fig. 3.90. DTA curveduring heating of the sample from the ingot from CORD45

This is the way used for measuring Tiq a heating the samples. The first endothermic peak is
interpreted as a thermal effect during the liquid phase formation (T« is determined at the point of
tangent line crossing with the base line and is automeatically registered by the software). The second
exothermic peak is interpreted as athermal effect at the interaction of the sample liquid part with the
crucible material. As can be seen from Figs. 3.86 and 3.87, T« values measured by DTA in
CORD33 (Ts=1434°C) and in CORD35 (Ts=1444°C) agree well. Though the melt composition in
CORD44 was different from that in CORD33 and 35, it belonged to the particular triangle of
concentrations and the value of Ty (1440°C) coincided with the previous measurements. T
measured for CORDA45 has practically coincided with the temperature of pure iron melting
(T£=1521°C).

3.8. Reducing melting of corium samples in carbon crucibles (CTR)

In order to specify oxygen content in the oxidic and metallic parts of ingots, the method of
carbothermal reduction (CTR) was applied. The method is described in /13/ and is based on the
release of CO—CO; at the reduction of the molten sample with carbon, followed by the analysis of
the gaseous phase and determining the mass loss. The mass of samples used for the analysisis ~ 500
myg, the exposuretimeis 1 min at 2500°C in a neutral atmosphere (argon).

Tab. 3.64 contains the results of measuring oxygen content in samples from CORD30, 33, 35, 39, 44
and 45 together with their averaged values used for correcting compositions of samples and making
up the elemental material balances.
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| Table3.64. Oxygen content in samples from CORD30, 33, 35, 39, 44 and 45

O content, mass %
CORD Sample
Experimental value Averaged value
Sample No.1 2.69; 2.67 2.68
Sample No.2 1.88; 1.9 1.89
30 Sample No.3 1.55; 1.58 1.57
Sample No.4 1.77; 1.75 1.76
Ingot (oxide.) 14.18; 14.22 14.20
33 Ingot (met.) 4.78; 4.57 4.70
Sample No.3 5.72; 5.69 5.70
Sample No.2 571, 5.48 5.60
* Sample No.3 2.68; 2.75 272
Ingot (oxide.) 15.10; 14.32; 14.91; 15.30 14.90
29 Ingot (met.) 6.52; 6.35 6.40
Sample No.1 6.03; 6.45 6.20
Sample No.2 6.98; 5.82 6.40
Ingot (oxide.) 21.05; 21.12; 21.00 21.05
44 Ingot (met.) 1.05; 1.11; 0.93 1.03
Sample No.2 0.65; 0.63; 0.62 0.63
I ngot-center 1.69; 1.65; 1.83; 1.88 1.76
45 Sample No.1 1.93; 1.95 1.94
Sample No.2 2.12;1.84 1.98

4. Discussion of results

The analysis of binary diagrams included in the Zr-Fe-O system, the experience accumulated by the
metallurgical industry concerning iron melting in the ZrO, crucibles, as well as the thermodynamic
predictions indicate the miscibility gap existence in the melts rich in metallic Zr and Fe. There are
practically no experimental data for the domain rich in the metals. A series of our tests has shown the
existence of the miscibility gap and made it possible to measure T4 of the melts having
compositions required for thermodynamic modeling.

The results of physicochemical analysis of rod samples and of those prepared from ingots are
summarized in Tab. 4.1. Noteworthy is the scattering of data obtained by different analytical
methods. Of importance is the determination of composition of the coexisting liquids, since it were
not the liquids, but products of their crystallization that have been analyzed. Mass-transfer processes
could occur during crystallization of liquids, and crystallization of an individual liquid could be
influenced by the thermogradient conditions of phases and oxygen repartitioning. Therefore, the
knowledge of the liquids bulk composition is necessary for determining compositions of the
coexisting liquids. Taking into account mass of the material and the impossibility to prepare an
averaged sample, for instance, from metal, it can be predicted that the compositions of samples taken
from different zones of the ingot may differ from bulk composition. Therefore, data averaging,
evaluation of the error of composition determination during the analysis, and various methodological
mistakes are of importance.
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Table 4.1 Results of analysesfor CORD30, 33, 35, 39, 44 and 45
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Zr Fe @)
Tedt Sample ChA XRF EDX ChA XRF EDX ChA XRF EDX
at. %
Ingot (top part, metal.) not determ. | not determ. 49.2 | notdeterm. | notdeterm. |  28.2 [ not determ. | not determ. | 22.6"
Rod sample No.1 58.7 55.7 58.6 29.2 32,5 29.3 12.0 11.9 12.0
30 "Rod sample No.2 59.5 56.3 58.9 319 35.1 25 8.7 85 8.7
Rod sample No.3 57.0 55.0 59.4 35.8 37.9 33.3 7.2 7.1 7.3
Rod sample No.4 59.9 57.3 60.1 32.0 34.7 31.8 8.1 8.0 8.1
Rod sample No.2 53.7 52.2 49.5 23.0 24.6 22,5 23.3 23.2 28.0"
33 | Rod sample No.3 54.7 53.1 52.7 21.8 23.6 24.0 23.5 23.3 23.2
Ingot (top part, metal) 59.6 59.9 54.9 20.1 19.9 25.3 20.2 20.3 19.8
Ingot (bottom part, oxide) 45.8 47.5 45.8 6.9 4.9 7.0 47.2 47.6 47.2
Rod sample No.2 52.8 53.0 52.3 24.3 24.1 24.8 22.9 22.9 22.8
35 [Rod sample No.3 60.8 59.2 61.0 26.8 28.5 26.7 12.3 12.2 12.3
Ingot (monophase layer) not determ. 33.2 33.8 | not determ. 0.2 - not determ. | 66.6 66.2"
Rod sample No.1 46.7 44.7 45.3 29.0 31.3 30.5 24.3 24.1 24.1
39 | Rod sample No.2 46.8 46.7 455 28.2 28.3 29.7 25.0 25.0 24.8
Ingot (top part, oxide) 45.9 44.3 44.3 51 7.1 7.1 49.0 48.6 48.6
Ingot (bottom part, metal) 49.1 49.6 47.5 25.7 25.1 275 25.3 25.3 25.1
Rod sample No.1 68.2 67.7 62.7 28.6 29.3 34.3 3.1 3.1 3.0"
449 | Rod sample No.2 68.3 66.9 63.4 28.6 30.0 33.6 3.1 3.1 3.0
Ingot (central part) 72.8 76.4 64.5 22.1 18.4 30.6 51 52 4.9
Above-melt crust 32.8 34.1 34.1 9.0 7.2 7.2 58.2 58.6 58.6"
Rod sample No.1 30.2 27.3 23.6 62.1 65.1 69.0 7.7 7.6 7.4
4 Rod sample No.2 29.9 27.2 24.0 62.3 65.0 68.4 7.8 7.7 7.6
Ingot (central part) 314 30.2 24.6 61.5 62.8 68.6 7.1 7.0 6.8

D' EDX data not normalized using CTR results for oxygen, asno analysis was made
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CORD30 was the first test performed with the investigated system. The induction system was tuned
so that superheating of the melt could not be achieved and uncontrolled melt crystallization at the
pool bottom was going on in the course of the test. Stabilization of the molten pool was reached only
after the refractory component had crystallized at the final stage of the test, and then sample No.4
was taken and Tjiq measured. The results of the sample No.4 elemental analysis performed by
different methods with account for the correction for oxygen according to the CTR data have
coincided within the measurement error limits (Tab. 4.1). Tab. 4.4 offers a comparison of Tjq
measured for the composition of sample No.4 with the value obtained by thermodynamic
calculations.

In CORD33 the melt was superheated above the monotectic temperature (2382°C) and
homogenized. The measurement of depth and bottom crust thickness speak in favour of complete
melting of the specified charge. The SEM/EDX analysis of the polished and etched thin section from
the ingot axial cut has clearly shown a boundary between the oxide- and metal-rich parts of the
ingot. Physicochemical investigations have shown that the composition of melt samples differs from
that of the charge. All these facts confirm stratification of the melt in the liquid state. However,
some experimental observations should be mentioned. Firstly, the oxide-rich part of the ingot is
located in the bottom part, it being not typical for slags. Secondly, there is virtually no difference in
microstructure of the oxide-rich part from CORD33 (Fig. 3.25) and of the crystallized refractory
phase from CORD30 (Fig. 3.17). Thirdly, the oxygen content measured for the metal-rich part of the
ingot from CORD33 is lower than that measured for sample No.3 (Tab. 4.1). Probably, these
observations indicate that like in CORD 30, the refractory phase together with the oxide-rich part of
the ingot crystallized prior to the ingot quenching. This supposition prohibits constructing a tie-line
on the basis of analytical results for the oxide- and metal-rich parts of the ingot. A thorough analysis
of the molten pool thermal condition makes it possible to insist that at the moment of taking all melt
samples the pool was in a completely liquid state and crystallization of the refractory phase has
probably occurred only after the 3" sample had been taken in the end of the test. Therefore, the
composition of melt samples can help determine composition of the metal-rich liquid that coexists
with the oxide-rich one. At the same time, it is impossible to determine composition of the oxide-
rich liquid. The results of melt samples analysis performed by different methods show their good
agreement (Tab. 4.1). Tab. 4.2 contains averaged values for the metal-rich liquid in sample No.3
from CORD33, for which CTR has been performed and calculations using the GEMINI
thermodynamic code made.

In CORD35, crystallization of the melt from the miscibility gap by means of pulling the molten pool
out of the inductor a 10 mm/h has yielded an equilibrium layer with the primary crystallization
phase. Volume of this layer exceeded that of the oxidic liquid from CORD33. Apparently, the
primary crystallization phase was formed of both oxidic and metallic liquids. Analysis of the layer
along the ingot height has not revealed any microstructural differences. A possible reason isthat the
primary crystallization phase is similar for the coexisting liquids. According to the SEM/EDX
results, this layer consists of ZrO, and a-Zr(O). Mogt likely, the a-Zr(O) phase formed as the result
of prolonged annealing of the primary crystallization phase, that is ZrO,., —(Fig. 1.3).
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Table 4.2. Results of analyses for CORD33 (Zro.s05F€p.190800.297) and thermodynamic calculation
of the coexisting phases composition at 2663K (the temperature of sample No.3 quenching)

Experimental Calculated
corp | onod | Elem [ Oxiderich | Metal-rich | Oxiderich | Meta-rich
analysis ent liquid liquid liquid liquid
Composition, at. %
ChA - 54.7
XRF - 53.1
Zr 48.5 51.8
EDX - 52.7
average - 53.5+1.2
ChA - 21.8
XRF - 23.6
Fe 2.7 31.3
33 EDX - 24
average - 23.1+1.3
XA - 235
XRF - 23.3
@) 48.8 16.9
EDX - 23.2
average - 23.3+0.3
Massfraction, 322 67.8 4.7 65.3
mass %

The paradoxical phenomenon of the ZrO,x monophase layer that had formed at crystallization of
two different liquids can be explained if one takes into account the nonisothermal nature of the
monotectic surface in aternary system and the univariant crystallization on this surface. In this case,
the polythermal cross-section drawn across the crystallizing component (or compound) and
traversing the miscibility gap, is similar to the A-k section shown in the diagram in Fig. 4.1 /24/.
Here, in the ABC ternary system, the monotectic transformation of the liquid L1 yielding the
component A and L 2 proceeds on the slanting surface g-h at a varying temperature, i.e. univariantly.
When L1 gets depleted, crystallization of A continues, now from the liquid L2 on the slanting
surface h-f, also univariantly. Thus, on a nonisothermal monotectic surface crystallization of a melt
with two liquids proceeds in the same way as of the homogeneous melt of one of the liquids.
Component A in the given system corresponds to the compound ZrO, in our diagram, while the
liquids L1 and L2 correspond to the oxide-rich and metal-rich liquids. The inexplicable peculiarity
of the equilibrium crystallization is the fact that the primary crystallization phase spreads in the
ingot periphery as a practically uniform layer, while in the molten pool the main quantity of this
phase is located as a layer presumably in the bottom part.

ISTC PROJECT-1950.2 CORPHAD



98

\ L1 (;-_’.- K'\"L

A+L1 ; %
AT 3

| L2
A+L1+L2 |

Al2 /ff;:Lz
A+B +L2 \\\
e

A+B+C
A K

Fig.4.1. Constitution diagram of a ternary system with the miscibility gap /24/

In CORD35, a sample was taken and Tiq measured by VPA IMCC after homogenization of the
molten pool. A comparison of the melt composition between samples and with Tjiq values from
CORD33 has shown a good agreement between them (Tabs. 4.1 and 4.4). After a long-term
extraction of the ingot, melt sample No.3 was taken and T,i; measured prior to the HF heating
termination. These data are also given in Tab. 4.4.

The work on determining coordinates of a tie-line for the composition differing from that used in
CORD33 was continued in CORD39. Microanalysis of the ingot axial section shows that the
specified charge had melted down completely, and a boundary between oxide-rich and metal-rich
parts is clearly visible. The oxide-rich part of the ingot was located above the metal-rich part. The
absence of the oxide-rich liquid at the pool surface as is evident from direct observations during the
tedt, the data on the composition of melt samples taken in the test, and the shape of the crystallized
oxide-rich part of the ingot allow a supposition that this liquid was located in the central part of the
molten pool and emerged to the surface when heating was switched off.

According to the results of SEM/EDX analysis of samples from CORD39, separation of the second
liquid has been registered. Maybe, this is the secondary separation, but a possibility of capturing the
second liquid by the rod a melt sampling cannot be excluded. Microstructure of the oxide-rich part
of the ingot is dispersed, heterogeneous, characteristic of the monotectic transformation under the
conditions of invariant crystallization. The SEM/EDX analysis suggests that the oxidic liquid
undergoes the monotectic transformation, when ZrO,. is the primary crystallization phase (a SEM
image shows ZrO,.« to dissociate into ZrO, and a-Zr(O) — small light-coloured inclusions against the
dark matrix (Fig. 3.52)), and the liquid that coexists with the solid phase has the Zr/Fe ratio equal to
1.5. Microstructure of the metal-rich part of the ingot is dendritic and different regions show
separation of what may be regarded as the second liquid. Chemical analysis, XRF and EDX of the
composition of samples from different parts of the ingot have shown them to be in good agreement
in terms of the cationic composition (Tab. 4.1). The differences in oxygen determination are due to
the absence of standard specimens with the fixed oxygen content. Therefore, all analytical results
have been normalized using the data on oxygen provided by the CTR analysis. Compositions of the
coexisting liquids which have been determined by averaging the data on the oxide-rich and metal-
rich parts of the ingot, are presented in Tab. 4.3. Tab. 4.4 offers a comparison of the measured Tiiq
with that calculated using the thermodynamic code.
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Tab.4.3. Results of analyses for CORD39 (Zr.464F€0.25300283) and thermodynamic calculation
of the coexisting phases composition at 2793K (the temperature of ingot quenching)

Experimental Calculated
CORD Meé?Od Elem Oxi_deu_rich Me_ta]-_rich Oxi_deu_rich Me_ta]-_rich
analysis ent liquid liquid liquid liquid
Composition, at. %

ChA 45.9 49.1

XRF 44.3 49.6

EDX “ 44.3 47.5 3 472
average 44.8+1.1 48.7+1.2

ChA 5.1 25.7

XRF 7.1 25.1

29 x| 71 275 - 40.2

average 6.4+1.3 26.1+1.4

ChA 49.0 25.3

XRF 48.6 25.3

x| 486 25.1 - 12.7
average 48.7+0.3 25.240.1
Massfraction, 10.9 80.1 32.1 67.9

mass %

In CORD44 not all the charge melted down due to the insufficient power supplied by the used HF
equipment. Technologically, the ZrO, powder loaded into the crucible appears to be near cold walls
of the crucible. In our case, a part of ZrO, did not melt down when the maximum possible power
was applied. Thus, the molten pool happened to be poorer in oxygen and zirconium. The microphase
analysis of athin section prepared from the axial cut of the ingot has shown a ZrO, layer with small
amount of iron in the ingot periphery, and homogeneous microstructure in the central part. The fine-
grain character of the melt samples microstructure does not make it possible to clearly determine its
phase composition, still the XRD analysis of melt samples managed to identify such phases as ZrO,,
a-Zr(0), ZryFe and ZrgFes(O). It can be said assuredly that the samples contain neither round
inclusion characteristic of the stratifying compositions, nor inclusions of the nonmelted phases.
During the test the melt was homogeneous and composition of the samples should correspond to the
measured Tiiq. It should be also mentioned that according to the XRD results ZrO,.« is presumably
the primary crystallization phase, like in the previous tests. Tab. 4.4 offers a comparison of the
measured Tjiq with that calculated using the thermodynamic code.
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In CORDA45 all the charge melted down. The microphase analysis of the quenched rod samples has
registered spherical inclusions of ZrO,.x with the content of iron (in terms of Zr/Fe ratio) identical to
that in the oxide-rich part of the ingot from CORD39. The character of these inclusions allows a
supposition that they may exist in the molten pool. Inclusions of ZrO,., have also been found in the
crystallized ingot. The presence of inclusions and their number suggest that the melt was located in
the miscibility gap near the binodal. A significant amount of aerosols complicated measurement of
Tiq of the melt. Therefore, Tab. 4.4 offers the maximum measured value, which may be
underestimated.

The results of XRF, ChA, EDX and of CTR for oxygen have been used as the final data on the melt
compositions corresponding to the measured T)iq values. Besides, the measured Tiq and Ty With the
results of thermodynamic calculations obtained using the GEMINI-2 code and NUCLEA-05
database (see Tab. 4.4). T was measured by the conventional DTA method in alumina crucibles.
Sampling for these measurements was don from metallic parts of ingots. The analysis of DTA
curves confirms correctness of the performed measurements.

Table 4.4. Experimentally obtained and calculated Tjq and Ts values for the melt
compositionsfrom CORD30, 33, 35, 39, 44 and 45

concentration, at.% experiment calculation
CORD
Zr Fe O T|iq, K Tw, K T|iq, K Te, K
30" 50.1 | 328 8.1 2125 - 2140 1257

33 50.5 19.8 29.7 2655 1707 2650 1750

35 52.4 195 28.2 2653 1717 2620 1750

357 60.3 27.4 12.3 2293 2266 1369

39 46.4 25.3 28.3 2763 1708 2770 1750

44 66.2 30.7 3.1 2053 1713 2031 1220

45 30.9 61.5 7.6 2808 1796 2923 1759

. Measurement was made at the final stage of the test after the ‘bottom crust - melt’ equilibrium had
established. Melt composition determined from sample No.4.

2). Measurement was made a the final dage of the test after the ‘primary crystallization phase - melt’
equilibrium had established. Melt composition determined from sample No.3.

The analysis of T, in CORD45 shows that this is apparently the temperature of melting of iron, the
beads of which have been identified by SEM/EDX.

5. Conclusion

A combination of original and conventional research methods has yielded the first experimental
results which characterize the Zr-Fe-O phase diagram in the domain of low oxygen concentrations.

The recommended experimental data on T and Ts Of different compositions are summarized in
Tab. 5.1.
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Tableb.1
Concentration, at. %
Tiig, K Ts, K
Zr Fe @)

59.1+2.8 | 32.8+1.7 | 8.1+0.4 | 2125+30 -
50.5+2.5| 19.8+0.9 | 20.7+1.4 | 2655+40 | 17075
60.3+2.9 | 27.4+1.4 | 12.3+0.6 | 2293+35 -
46.4+2.3 | 25.3+1.2 | 28.3+1.4 | 2763+40 | 1708+5
66.2+3.3 | 30.7+1.5| 3.1+0.1 | 2053+30 | 17135
30.9+1.5| 61.5+3.1 | 7.6£0.3 | 2808+70 | 1796+5
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These data agree satisfactorily with the calculated values obtained using the GEMINI-2 code and
NUCLEA-05 database.

The presence of the miscibility gap in the system has been confirmed. For the composition
Zr.464F€0.25300.283, contents of the liquids that coexist a 2793+42K have been found to be as
follows:

- oxidic, at. %, Zr-44.8+2.2; Fe-6.4+0.3; O-48.7+2.4;

- metallic, at. %, Zr-48.7+2.4; Fe-26.1+1.3; O-25.2+1.2.
In the composition ZrgsosFep19s00207 @ 2693+40K, the content of the metallic liquid is. Zr-
53.5+2.7; Fe-23.1+1.2; O-23.3+1.2 a. %. Composition of the oxidic liquid has not been identified.

Experimental data on coordinates of tie-lines and position of the miscibility gap differ from
predictions made using the GEMINI-2 code. In order to understand this discrepancy and specify
data, a significantly wide range of compositions has to be investigated. It should be noted that
solubility of iron in the oxidic liquid in the miscibility gap is higher than the predicted.

The obtained information on the character of crystallization of the studied compositions is extensive.
In the case of equilibrium crystallization of the liquid composition ZrgsosF€n19800.297 from the
miscibility gap, the primary crystallization phase for both oxidic and metallic liquids is the phase
ZrOZ.X.
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