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The design of the Supercritical Water Convection Loop with an irradiation chamber is described [1]. The plant
makes possible to carry out simulation corrosion tests of potential structural materials for Generation IV reactors
with the Supercritical Water-Cooling under irradiation. Specimens in water flow were irradiated in situ by the
10 MeV/10 kW electron beam of the LAE-10 linear accelerator. The high power relativistic electron-gamma irradia-

tion delivers the absorbed doses sufficient for activation of corrosion and oxidation of material-coolant interfaces.
The first results of the electron irradiation of Zr and Inconel 690 samples during 500 hours are gave.

PACS: 07.35.+k, 29.20.Ej, 28.52.Fa

INTRODUCTION

The Supercritical Water-Cooled Reactor (SCWR) is
one of the most promising nuclear technologies identi-
fied for R&D under the Generation IV (GenlV) program
[2]. At Atomic Energy of Canada Limited (AECL) the
SCWR has been recognized as the next evolutionary
step of CANDU technology and given a high priority
status [3 - 5]. Diverse developments for the next genera-
tion SCWRs are being currently carried out in Korea [6-
8], the U.S. [9, 10], Japan [11], Russia [12], and China
[13]. Along with the Very High-Temperature Reactor
(VHTR) and Molten Salt Reactor (MSR) systems of
Generation 1V roadmap [1], SCWR technologies (either
CANDU or Super-WWER-related) may also be consid-
ered as possible candidates for GenlV prospects of nu-
clear power industry of Ukraine.

Different construction materials are being consid-
ered as candidates for the SCWR: austenitic and ferrit-
ic/martensitic (F/M) stainless steels (SS), Ni-, Zr-, and
Ti-based alloys, as well as innovative oxide dispersion
strengthened (ODS) steels and alloys. Their corrosion
rates and stress corrosion cracking (SCC) in pure SCW
are being studied experimentally using SCW circulation
loops (SCWCL) without irradiation. A comprehensive
survey of current R&D can be found, e.g. [9]. Experi-
ments at test SCWCL facilities [10, 14] provide us with
valuable data on temperature and material composition
dependencies of corrosion rate [9, 14] for various struc-
tural materials, as well as on the impact of SCW chem-
istry on corrosion kinetics of steels and alloys. Howev-
er, this experience is insufficient for designing and con-
struction of the SCWR since radiation effects are well
known to affect corrosion behavior of materials. It
should be emphasized that currently there are no exper-
imental data on the corrosion and SCC of structural ma-
terials in the SCW flows under irradiation. The sparse
data available [9] are limited to the experiments with
pre-irradiated samples. These experiments have defi-
nitely shown that the temperature dependent rate of in-
tergranular cracking of 304 and 316L stainless steels in
SCW is increased considerably for samples subjected to
prior irradiation by protons to the radiation damage dose
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of several dpa [9]. It strongly motivates further investi-
gations of irradiation impact on SCW induced corro-
sion.

The corresponding test facilities are currently de-
signed and commissioned, e.g., in the Irradiated Materi-
al Testing Laboratory (IMTL) at the University of
Michigan (U.S.A.) [15] where SCC of materials irradi-
ated in reactors by neutrons and gamma quanta will be
studied in SCW low-oxygen closed-loop circuit de-
signed for 30 MPa/600°C operation. It is worth noting
that high radioactivity of neutron irradiated specimens
has necessitated the application of automated systems of
samples handling and the use of hot cells for sample
preparation and post-irradiation SEM tests of micro-
structure. The radiation safety requirements make these
experiments rather complicated and expensive. Never-
theless, since in situ irradiation is out of the present time
capabilities of the IMTL facility, the investigations of
combined effects of SCW impact and neutron irradia-
tion (that are expected to occur in SCWR environment)
still remain impossible within the framework of these
important developments.

The irradiation induced impact of SCW radiolysis on
flow control and instabilities, incl. transitions from sub-
critical to supercritical state, is of great interest for
SCWR R&D and can also influence the corrosion of
structural materials. These issues require thorough stud-
ies using dedicated experimental facilities [16] that offer
combined exposure of samples to both SCW flow and
irradiation.

In 2009 the Canadian government provided funding
to support collaborative activities between the NSC
Kharkov Institute of Physics and Technology (KIPT)
and their colleagues from AECL’s Chalk River Labora-
tories aimed at the development of advanced experi-
mental facilities and methodologies for the assessment
of reactor materials recognized as promising candidates
for SCW reactors. The advanced skills of KIPT experts
in structural materials design and testing, along with
experience in simulation of reactor in-pile irradiation
using gamma, electron, and ion irradiation, will be em-
ployed for SCWR candidate materials characteriza-
tion.These activities are managed by the Science &
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Technology Centre in Ukraine (STCU) within the
framework of the Canada-Ukraine partner project STCU
#4841 “SCW Convection Loop for Materials Assess-
ment for the Next Generation Reactors”. The Project
goal is the design and construction of Canada-Ukraine
Electron Irradiation Test Facility (CU-EITF) having a
specially developed SCWCL with target test cell sub-
jected to electron irradiation. After having been put into
operation CU-EITF will be used for collaborative tests
of structural materials for Genlll+ and GenlV reactors
of the CANDU family (ACR, CANDU SCWCR).

1. THE SUPERCRITICAL WATER
CONVECTION LOOP DESIGN

The dimensions of the loop (1.2x1.5 m) and other
component parts of SCWCL are essentially determined
by the size and arrangement of the KIPT-sited bunker
room, which houses the electron accelerator (Fig. 1).
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Fig. 1. The placement of the SCWCL in the LAE-10
bunker room

A schematic representation of the major components
of the CU-EITF design is shown in Fig. 2. It is concep-
tually similar to various SCW natural and forced circu-
lation loops that are currently operating and projected
(see, e.g., [10, 14, 15]) but notably differs by the incor-
poration of the electron linac LAE-10 and the appropri-
ate irradiation cell (IC).

All component parts of the SCWCL are designed for
safe operation at temperatures up to 450°C (723 K) and
pressures up to 25 MPa. The loop is made of stainless
steel 12X18H10T and has an external pipe diameter
40 mm and wall thickness of 4 mm. It has two detacha-
ble flange connections at the entrances to the irradiation
cell and pump.

The water is heated to a temperature above the critical
point by the four-section external electric heater with a
total power of up to 20 kW. Water circulation in the loop
is due to natural convection, and can be adjusted by the
influence of the 0.5 kW circulation pump. The upper part
of the loop is cooled by a tubular cooler. Two versions of
the SCWCL (with detachable flanges and all-welded)
have been built. The experiment results with the all-
welded SCWCL with four-channel irradiation cell (with-
out recourse to the circulation pump) are given below.
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Fig. 2. Schemacs of the CU-EITF design

For chemical analysis and degassing, a small portion of
water is discharged from the loop through the capillaries,
valves and filter into the accumulation tank partially filled
with nitrogen. The recirculation of the water back into the
loop after degassing is provided by the high-pressure
pump (HPLC). The operation of automatic valves and
pumps is controlled by an Intel™ CPU based personal
computer. For the protection of the elements of the de-
gassing line from overheating, capillaries are cooled
with special coolers to a temperature below 100°C.

The control system is designed to provide routine
measurements of pressure, flow rate and temperature at
several points on the surface of the loop. The system
regulates the supply of electric power in the heaters and
controls the operation of pumps and valves. In case of
an emergency, when the temperature and/or pressure of
SCWCL components exceed the specified values, the
control system disables the heaters, the linac beam cur-
rent, and pumps. For extra protection of the loop, a me-
chanical safety valve that prevents overpressure beyond
27 MPa is installed. The view of the accelerator bunker
is made with the help of a video camera.

The irradiation of specimens (as well as additional
heating and ionization of the water) occurs in the irradi-
ation cell CU-EITF. The cylindrical irradiation cell (1C)
is an integral (but interchangeable) part of the CU-EITF
SCWCL. Different ICs can be used in different simula-
tion experiments depending upon the materials under
investigation. Three kinds of the cylindrical IC are de-
signed and produced (Figs. 3-6). The longitudinal size
IC (310 mm) was determined by scanning system am-
plitude of the linac on the frontal IC surface.
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Fig. 3. The design drawings (a) and 3D computer model
(b) of the CU-EITF irradiation cell
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The thickness of the steel chamber front wall should
be no more than 2 mm for the energy losses of the
10 MeV electron beam on the front surface IC were a
minimum. At making of the IC cases from the titan al-
loys which density is twice below of the steel density,
the thickness of a face-to-face wall of the chamber
should not be more than 4 mm.

B

Flg 5. The view of the
four-channel irradiation
cell. The material cell is
stainless steel 12X18H10,
the thickness of the cell

wall — 2 mm, external pipe
diameter — 14 mm

Variant IC (see Fig. 5) with four-channel steel case
without flanges (external pipe diameter — 14 mm, a wall
thickness — 2 mm) has higher durability in comparison
with IC (see Fig. 3). Reduction of the total area of inter-
nal section of this IC allows receiving higher linear
speeds of water moving along samples (see Fig. 6).

Overlapping of a diagonal of section I1C with an axis
of a bunch creates the irradiation conditions at which
samples in face-to-face tube IC test influence of water,
primary beam electrons and gammas, and samples in a
back tube practically are not irradiated by primary elec-
trons at the same influence of water and gammas. Thus,
such design IC allows estimating the primary electron
contribution in destruction of an irradiated sample sur-
face by corrosion (see Fig. 6).

Flg 4. The view of the
one-channel irradiation
cell The material cell is
an alloy of titan VT22,
the thickness of the cell
wall — 4 mm, external
diameter — 40 mm

Fig. 6. The view of the consoles with the samples and
the pipes of the four-channel irradiation cell

2. THE RESULTS OF THE SAMPLE
IRRADIATION

When used the all-welded SCWCL “Loop-1a” with
the four-channel irradiation cell, the first time in the
world it was possible to receive the irradiation results of
the Inconel 690 and Zr samples by electrons. The sam-
ples are irradiated at a pressure of 23.5 MPa and a tem-
perature below 380°C. The total session duration was
574 hours (including 497 hours with the electron beam),
the maximum fluence on the irradiation cell surface was
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10% el/cm?. The operating schedule SCWCL “Loop-1a”
is shown in Fig. 7.
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Fig. 7. The total operating time (tT) of the Loop la
including the time with the electron beam (tIp).

July-August, 2012

During the simulation experiments the irradiation
cell CU-EITF was exposed to the electron beam of the
LAE10 with the energy 10...11 MeV and the scanning
frequency along the irradiation cell 3 Hz. The average
electron beam current was below 1 mA. The electron
beam impulse frequency was 250 Hz. The duration of
the impulse was 3.4 ps. Average power of the accelera-
tor electron beam is equal 7 kW at a long operating
schedule. Actual parameters of long irradiation sessions
can differ a little from designated above nominal pa-
rameters, they are checked by the automatic monitoring
system of the linear accelerator.
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Fig. 8. The characteristic form of a electron energy
spectrum of the accelerator LAE-10 in KIPT
and the characteristic of distribution density

of the scanned electron beam on the surface I1C

For example, the 10 MeV energy spectrum, meas-
ured during experiment, is represented in a Fig. 8. It has
the most probable energy 9.6 MeV with the long tail
which has been stretched up to 13 MeV.

The loop was filled with water with average parame-
ters pH=6.5 conductivity 7...11 uS/cm, oxygen
ppb=0.5. Water from a loop acted with rate of
5 ml/mines. Time of delivery of tests on a 30-meter wa-
ter-main was 5 hours. Parameters of water were
pH=153...6, conductivity 7...23 uS/cm, oxygen
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ppb = 3...4 on an output from a water-main. After de-
contamination water came back in the loop. The gain of
conductivity was about 0.1 puS/cm at one hour, i.e. the
salt amount in water increased. At carrying out of the
element chemical analysis of structure of tests of water
by means of spectrometer ICPE-9000 of firm
“Sumadzo” it is established, that practically at all tests
of water from a loop there is a chrome (8...54 pg/l) and
there is no zirconium. The isotope structure of samples
after an irradiation is resulted in Table.

Samples Isotops
half-life period)

Zr Zr*(78 h), Zr*(64 d), Nb*%(10 d),
Nb*(64 d), Nb*"(86 h)

Inconel 690 Cr*'(27 d), Mn*(312 d), Co*'(273 d),
Co”%(70 d), Nb*

Steel cr’t, Mn** Co*’, Co®®

12X18HI0T

cases

CONCLUSIONS

Supercritical Water Convection Loop (SCWCL)
with the irradiation cell, connected with the electron
accelerator LAE-10 (10 MeV energy, below 10 kW
power), was developed specially. Rather short time of
the creation of the plant and low cost (in the comparison
with nuclear reactors) and an opportunity to investigate
the irradiated materials from hot chambers do the of-
fered technique of imitating experiments by very effec-
tive tool for obtaining of the necessary data to choose
the materials for active zone SCWR.

The basic results:

o For the first time the Supercritical Water Convection
Loop with the four-channel irradiation cell from the
steel, filled by the samples of two types (from the
Inconel 690 alloy with double-layer fusing from the
In 52MSS wire and from the Zr alloy), was success-
fully tested on an electron irradiation. The total ses-
sion duration was 574 hours (including 497 hours
with the electron beam), the maximum fluence on
the irradiation cell surface was 10%° el/cm?. Operat-
ing mode of a loop — P = 23.5 MPa, the maximal
temperature on a irradiation cell surface up to 380°C.

o During sessions of an irradiation the maximal gain
of weight on Zr samples is 0.75 mg/cm? and on In-
conel 690 samples is 1.5 mg/cm? as a result of cor-
rosion.

e During an irradiation parameters of water from a
loop changed within the limits of: pH — 5.3...6, con-
ductivity — 7...23 uS/cm, oxygen ppb - 3...4.

¢ Change of water conductivity in the loop during the
irradiation was neaby 0.1 puS/cm at one hour, i.e. the
impurity quantity in water was increased.

o In particular the increase Cr amount in water for the
same period was about 0.1 pg/l at at one hour.
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OBJIYYEHHUE 3JIEKTPOHAMM OBPA3IIOB MATEPHUAJIOB AJEPHBIX PEAKTOPOB HOBOI'O
MOKOJIEHHA B CBEPXKPUTHYECKOM BOISTHOM KOHBEKIIMOHHOM NETJIE

A.C. Baxaii, B.H. bopuckun, M.H. bpamuenxo, E.3. bunnep, II. A. Bymenxo, B.A. bouapos, B.H. Bepewaka,
A.H. /loéona, C.B. ionvoa, KO.B. I'opeuxo, I.I. Kosanes, B.A. Momom, O.A. Penuxos, C.K. Pomanoséckuii,
A.H. Caguenxo, B.B. Cene3nes, B.H. Conodoenuxos, B.H. Tumos, A.B. Topeoexun, B.B. Xanoax,

C.B. Hlenenko, I'.H. I]ebenko

CynepkpHUTHYECKHI BOJIHO-OXJIaxaaeMblii peaktop (SCWR) — onHa M3 caMbIX MHOTOOOEUIAIONINX PEaKTOPHBIX
TEXHOJIOTHH B TiporpaMme peaktopoB 1V mokonenus. C 2009 roga B XapbKOBCKOM (PU3UKO-TEXHUIECKOM UHCTHUTY-
Te BexyTcs paboThl, HANIPaBJIEHHBIE HA Pa3BUTHE 00OPYIOBAHMS U METOIOJIOTHH ISl OLEHKH PEAKTOPHBIX MaTepH-
aJIoB, mpenHa3HadeHHbIX 1t peaktopoB SCWR (mpoext YHTL] - P4841). CrnenmansHo paspaborannas B XDOTU
CyINepKpUTHYECKast BOJsIHAs KOHBEKIMOHHAS IETIIsI C KaMepoi oOIydeHus], CBSI3aHHAS C YCKOPUTEJIEM AJIEKTPOHOB
JIY-10 (8...10 M»3B, mo 10 kBt) npenocraBisieT BO3MOXHOCTb ISl H3y4CHHsT KOPPO3HU M MEXaHHMYESCKHX MOBpe-
XKJICHNI MaTeprajoB IpH OOIydeHUH IMyYKOM 3J1eKTpoHOB. [IpuBossTes pe3ynbrarsl S00-4yacoBoro ceanca o0myde-
HUSI 00pa3IOB IIMPKOHMS M HHKOHEJIS.

OIPOMIHEHHSI EJTEKTPOHAMMU 3PA3KIB MATEPIAJIIB AAIEPHUX PEAKTOPIB HOBOI'O
HOKOJIHHA Y HAAKPUTUYHIN BOAAHIN KOHBEKINIMHINU ITETJIL

O.C. bakaii, B.M. bopuckin, M.1. Bpamuenxko, €.3. binnep, I1.A. Bymenko, B.O. bouapos, B.M. Bepewaxa,
A.M. Hoeona, C.B. Twonvoa, I0.B. I'openko, I.I'. Kosanvos, B.0. Momom, O.0. Penuxos, C.K. Pomanoscvkuit,
A.M. Caguenko, B.B. Cenesnvos, B.1. Conooosnikos, B.1. Timos, O.B. Topzoexin, B.B. Xanoax, C.B. Illenenko,

I'M. llebenxo

Hanxputnunuii peaktop 3 BogsHuM oxonomkeHHsM (SCWR) — ofHa 3 caMux 0araToo0ilsfrounx peakTOPHHX
TeXHOJIOTiH B mporpami peakropis IV nokominas. 3 2009 poky B XapKiBCbKOMY (hi3UKO-TEXHIYHOMY 1HCTHUTYTI Be-
IyTbCsl poOOTH, CIIPSAMOBaHI Ha PO3BUTOK OOJaIHAHHS Ta METOMOJIOTIT U OIIHKM PEaKTOPHHUX MaTepialiB, MpU3-
nauenux st peakropiB SCWR (mpoexkt YHTI] - P4841). CrneuianbHo po3pobiena B XDTI HagkpuThdHa BOAsSHA
KOHBEKIiifHa MeTis 3 KaMepow ONPOMiHEHHs, 3B’si3aHa 3 mpucKoproBadeM enektponiB JII1-10 (8...10 MeB, mo
10 xBT), Aae MOXIUBICTD TS JOCIHIPKEHHS KOPO3il Ta MEXaHIYHUX IONIKOKCHb MaTepiaiB MCIIA OMPOMIHCHHS
ITy4KOM eJIeKTpoHiB. [IpuBoasThCs pesynbraTti S00-ToAMHHOTO ceaHcy OnpoMiHEHHS 3pa3KiB UPKOHIIO Ta IHKOHEJSL.
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