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In-pile cladding tests at NRI Rez and PIE capabilities and experience

M. Zmitko

Nuclear Research Institute Rez pic, Czech Republic

Abstract. In-pile cladding corrosion test facilities and relevant post-irradiation capabilities at NRI Rez
pic are overviewed. Basic information about the research rector LVR-15 and in-pile water loops is
given. An experience in the field of Zr-alloy cladding corrosion testing and investigation of cladding
corrosion behaviour is demonstrated for two experimental programmes conducted at NRI Rez in the
past period. The first example describes results obtained at studying of corrosion behaviour of
advanced Zr-alloys under PWR conditions with a special concern to a high lithium content and
subcooled surface boiling. The second example informs about completion of the experimental
programme supported by the IAEA which is focused on investigation of Zircaloy-4 cladding
behaviour under VVER water chemisty, thermal-hydraulic and irradiation conditions with the main to
obtain experimental data for an assessment of the Zircaloy-4 cladding compatibility with VVER
conditions.

1. INTRODUCTION

In-pile loop experiments and material testing in the research reactor LVR-15 belong to the
main activities of Reactor services division in Nuclear Research Institute Rez pic (NRI). An
investigation of a simultaneous effect of irradiation, water chemistry and high parameters
(pressure, temperature) on behaviour of nuclear power plants structural materials and
components is the main goal of the conducted experimental programes. Irradiation projects
focused on investigation of fuel rods cladding materials behaviour, water chemistry aspects of
radionuclides transport and irradiation effect on structural material corrosion including
irradiation assissted stress corrosion cracking (IASCC) are carried out for domestic and
foreign customers.

2. EXPERIMENTAL FACILITIES

2.1. Reactor LVR-15

Research reactor LVR-15 operated at NRI Rez is a light water cooled and moderated tank
reactor with forced circulation of the coolant. The reactor has combined water-berylium
reflector. The reactor core is composed of ERT-2M type fuel assemblies made in Russia with
36% enrichment of 235U which is in a form of UO2 dispersed in Al matrix. Maximum thermal
power of the reactor is 10 MW(th). It operates at atmospheric pressure with maximum coolant
core output temperature 45°C. he nominal coolant flow throught the core is 2,100 m3/hour.
The reactor core grid has a pitch of 71.5 mm and 80 cells. In the basic operation
configuration, 28-34 cells contain fuel elements, 2-4 of the fuel cells (depends on
requirements) are dedicated for channels of experimental irradiation facilities. The reactor
core is situated in the reactor vessel (outer diameter 2,300 mm, total height of the vessel
6,235 mm), which is made of stainless steel, the internal parts of the reactor are made of an
aluminium alloy. A schematic layout of the LVR-15 reactor is shown in Fig. 1. The reactor
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coolant is light demineralised water. Maximum fast (>0.1 MeV) and thermal neutron flux in
the core is 3 x 1014 and 1.5 x 1014 n/cm2.s, respectively. Usual mode of the reactor operation
is 3 weeks of operation, 1 week shutdown for refuelling and mantenance. Typically, the
reactor is operated for 180-210 EFPD per year.

2.2. Reactor water loops

At present five loops are used to perform a various tests in-core that are focused on study of
structure materials behaviour under typical thermal-hydraulic, water chemistry and irradiation
conditions of LWRs. Parameters and type of water chemistry are presented in Table 1.

Table 1: High pressure loop parametrs

Loop

RVS-3

BWR-1

BWR-2

ZINC

RVS-4

Water
chemistry

VVER/PWR

BWR

BWR

PWR

W E R

Max.
temperature

(°C)
345

300

300

320

322

Pressur
e(MPa)

16.5

10

12

15.5

15.7

Flow rate
(t/h)

3-10

2

8

0.8-1

2

In general, the reactor water loops are closed stainless steel (SS 321 is used) piping systems
with forced circulation of the coolant where one part of the loop — an irradiation channel —
is situated in the core of LVR-15 reactor. The loops main components and systems are as
follows:

a main circulation pump,
an electrical heater and heat exchangers,
a pressurizer and a volume compensator,
a make-up water system (chemical additives dosing),
a purification system (ion-exchange and mechanical filters),
a coolant sampling system (isokinetic sampling),
cooling systems,
auxilliary systems (eg. H2/O2 gas injection system, on-line dissolved gases measurement).

A special electrically heated fuel rod immitators has been designed to model heat flux on the
cladding surfaces. The heating rod has total length 5100 mm, heated region is 560 mm.
Heating wires are made from Ni-Cr alloy, leading wires are from Cu-Cr alloy. Boron nitride
is used as an insulation material. Input and output wires are situated at the top of the heating
rod. The rod is covered by stainless steel or Inconel sheath and is inserted into the
investigated Zr cladding tube.

2.3. Measurement techniques and post-irradiation examination possibilities

NRI Rez has the following measurement techniques and post-irradiation examination (PIE)
capabilities in connection with the fuel cladding materials testing:
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Non-destructive measurements:
a visual examination in hot cell; videocamera with recorder,
a Zr-oxide thickness measurement by eddy current (EC) technique (a Fischerscope device
linked with a x-y-z mechanical support; Mylar foils used for calibration),
a possibility of Zr-oxide intermediate measurement at the reactor or loop shutdowns (test
bundle transportation into the hot cell),

Post-irradiation examinations:
a Zr-oxide thickness and morphology (by optical microscopy — OM and SEM),
a Zr-oxide microstructure, hydrides distribution and orientation (by SEM and TEM
techniques),
an identification of t-ZrO2 and m-ZrCh fraction in the oxide film (by Raman
spectroscopy),
a hydrogen pick-up measurement (by an extraction method),
mechanical properties (eg. stress-strain characteristics, cladding ductility)
an elemental and phase composition of deposited crud (by EDX, Mossbauer spectroscopy
- M6S, Infrared spectroscopy - IRS, X ray diffraction - XRD).

In addition, various measurement techniques are employed to idetify and analyse corrosion
products (crud) and other impurities in the loop coolant (eg. ion-chromatography, ICP-MS,
AAS, microfilters).

3. CLADDING CORROSION TESTS

Till now, the following Zr-cladding corrosion tests were performed at NRI facilities:

I. Testing of new advanced Zr-alloys corrosion behaviour under PWR conditions,
II. Demonstration of Zircaloy-4 cladding compatibility with W E R primary water

chemistry conditions.

3.1. Test I: Advanced Zr-alloys under PWR conditions

An experimental programme was conducted at a reactor water loop RVS-3 with the intention
to study corrosion behaviour of Zr cladding materials under PWR water chemistry with a high
lithium content (5 ppm Li) and subcooled boiling conditions. Technological layout of the
RVS-3 loop is shown in Fig. 2.

A test section consisting of four eletrically heated fuel rod immitators was situated in a field
tube of the RVS-3 loop active channel located in the core of the reactor. A heated part of the
fuel rod immitator matched the reactor core height. The RVS-3 loop was operated at pressure
15 MPa (relevant saturation temperature 342°C). The primary coolant flow rate was 3.85
tons/hr what meant a flow velocity of 2.6 m/s at the test section outlet. Heat flux on the
cladding surface was achieved by insertion of a specially designed electrically heated rod into
the cladding tube. Total length of the rod was 5,100 mm with a 560 mm long heated part
(section) at the rod bottom. Such design allowed to achieve heat flux of 100 W/cm2 on the
outer cladding surface in the heated section. Inlet and outlet coolant temperatures in the
heated section were kept 325°C and 335°C, respectively. Thermal-hydraulic parameters of the
experiment were chosen so that the upper region of heated section worked at subcooled
boiling conditions, ie. cladding surface temperature achieved and slightly exceeded a
saturation temperature at a given pressure. Calculated void fraction at the heated section outlet
was about 6%. Water chemistry parameters were chosen in aim to study the influence of a
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high lithium concentration on Zr cladding behaviour — 5 ppm Li and 650 ppm B was
maintained during the experiment. Dissolved hydrogen was kept in concentration range of
20-25 ccSTP/kg. Oxygen concentration was below 5 ppb (by Orbisphere analyser on-line
measurement).

An intermediate investigation of the cladding materials — a measurement of Zr oxide
thickness by eddy current technique — was foreseen after each irradiation cycle, ie. after
21 days of the reactor operation. After completion of the first irradiation cycle, some deposits
were observed on the cladding surface what led to misreading of the eddy current signal (lift-
off the signal) at the Zr oxide thickness measurements. The situation was improved and more
realistic oxide thickness values were measured after brushing of deposits from the cladding
surface. An effect of crud deposits on EC measurement is evident from Fig. 3. A number of
analysis and investigations was then performed to identify a nature and characteristics of the
deposits on the cladding surface and a quality of the loop primary coolant.
Crud deposits on the Zr cladding surface were observed mainly on the heated part of the fuel
rod immitator. Visual inspection showed that in the bottom region of the heated part only a
black, easy removable, loose deposit was found. In the upper region, where subcooled boiling
area was expected, a black heavy deposit with some "white" spots was found. More detailed
investigation showed that the "white" spots are places where the deposits were spalled from
the cladding surface. A SEM picture of the spalled oxide is shown in Fig. 4. A "chimney"
structure observed on this deposit is related to the boiling phenomena. Another SEM pictures
shows that the deposits consist of fine particles with diameter of 1-5 urn. TEM pictures reveal
octahedral crystals of magnetite and some amorphous particles.

Elemental composition of the deposits on the cladding surface was analysed by EDAX
technique. Summary of the EDAX results and their comparison with the base material
composition is given in Table 2. It is clear from the results that the deposits are enriched with
chromium and depleted in nickel in comparison with the base material. Elemental
composition of the loose and heavy deposits is almost the same taking into account a limited
number of analysis and precision of the method. Silica presence was also identified in some
samples. M6S identifies non-stoichiometric magnetite Fe3C»4 with some presence of normal
spinel of FexCr3.xO4 or FexCr2-x(Ni)O4 type. IRS reveals non-stoichiometric spinel Fe3_xCrx04
(x < 1) with a possible presence of Ni. Some small amount of lithium (only 0.022 mg) was
also detected by AAS in the deposits what means that Li/Fe ratio is very low - about 10"3.
Three phases were revealed by XRD: a spinel ferrite, the most likely Ni-substituted
magnetite, ZrO2, and chromic hydroxide. Unlike the ferrite and ZrC<2, chromic hydroxide
occurs very rarely in "normal" corrosion products.

A reason for the crud deposit formation on Zr cladding surface has not been fully identified
and understood, but it is obvious that this process relates to a quality of the loop primary
coolant, and local thermal-hydraulic conditions; especially by subcooled boiling. It is also
obvious that the presence of corrosion products in the deposits (Fe, Cr, Ni-species) can be
affected by a corrosion behaviour of the loop itself.

It was confirmed at this experiment that the EC measurement technique is significantly
affected by a presence of corrosion product deposits. The presence of deposits on the cladding
surface can influence on electro-magnetic properties of the Zr-oxide layer what means that a
calibration procedure performed without presence of deposits is not relevant to such situation.
As a consequence of this, the EC measured values are incorrect and do not represent the real
picture.
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RVS-3

REACTOR LVR.-15

Figure 1: Schematic layout of LVR-15
research reactor

pressure
temperature
water flow rate
neutron flux
electrical heating capacity

16.5 MPa
345°C
10 000 kg/hr
-1x10 n/m2s
100 kW

1 main circulation pump
2 electrical heater
3 out-of-pile test section
4 comparative channel
5 volume compensator
6 active channel

7 cooler
0 degasser
9 pressurizer
10 filtration circuit
11 cold measuring circuit (autocalves)
12 hot measuring circuit (autocleves)

Figure 2: Schematic layout of reactor
water loop RVS-3

3 4 5 6

measurement point

Figure 3: Effect of corrosion product deposits on
Zr-oxide thickness measurement (eddy current
results before and after brushing)
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Table 2: Elemental composition of deposits on cladding surfaces

Sample
ID

5900
5901
5902
5903
5966
5963
5978
6218
6219
6217

Reference

Elemental composition, wt% (EDAX)
Fe

70.8
75.6
81.7
78.6
65.3
61.4
73.3
68.2
69.2
68.8
- 7 0

Cr
24.5
20.8
13.7
16.0
26.3
27.5
21.7
23.1
21.5
20.7
18-19

Ni
4.5
3.5
4.6
5.4
8.4
11.1
5.0
8.2
8.2
9.0

10-11

Si
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.5
1.1
1.5
-

Sample
description

loose deposits
loose deposits
loose deposits
loose deposits
heavy deposits
heavy deposits
heavy deposits
loose deposits
loose deposits
loose deposits

loop str. material

3.2. Test II: Zircaloy-4 cladding compatibility with WER chemistry

The main objectives of this project which is performed with a support of the IAEA Technical
Co-operation (TC) Project is experimental investigation of Zr cladding materials behaviour
under VVER water chemistry, thermal-hydraulic and irradiation conditions. The main tasks of
the project is to obtain experimental data (thickness of Zr oxide layer, amount of hydrogen
absorbed in the alloy, mechanical properties — cladding ductility) for an assessment of the
Zircaloy cladding material compatibility with VVER conditions and for modelling of
Zircaloy-4 (Zry-4) corrosion behaviour in VVER units.
The RVS-4 reactor water loop has been built for conducting of the experimental programme.
The RVS-4 loop has the following basic design features:

- the RVS-4 is a simple integral loop which a channel situated in the core of the LVR-15
reactor; a schematic layout of the RVS-4 loop is shown in Fig. 5,

- the main loop structure material is an austenitic stainless steel (SS 321 type),
- the in-pile rig consists of pressure channel with field tube for a flow division inside the

channel, the in-pile test section consists of four electrically heated fuel rod immitators
inserted into an cladding tube made from investigated Zr-alloy,
the loop make-up water and dosing system provide a continual feed flow of 100 cc/hr to
ensure water chemistry specification,
the loop sampling system ensures continual sampling of the primary coolant with a flow
of 100 cc/hr and collects the sampled coolant in a special sampling tank which is kept
under N2 overpressure to avoid dissolved hydrogen desorption,

- the loop consists of an electrical source of DC for the heating rods supply; the heating
rods power is controlled by the test section outlet coolant temperature.

As recommended by a group of experts in the frame of the IAEA TC project a preoxidation of
Zry-4 specimens was performed. This preoxidation was proposed with an intention to form
Zr-oxide on the cladding tube specimens with a thickness simulating two fuel cycle operation
in a reactor core, ie. preoxidation f Zry-4 specimens to range of 10-20 \\m. To shorten the
preoxidation period, it was recommended to preoxidize the Zry-4 specimens in steam at
temperature higher than the nominal reactor temperature. To carry out the preoxidation task a
special high-pressure, high-temperature autoclave was designed and manufactured in NRI.
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The same cladding material supplied by WEC as used in Temelin VVER-1000 units were
used for preoxidation, ie. low tin Zry-4 (,,Improved") alloy. Four Zry-4 specimens with length
of 60 cm each were placed in the autoclave. The preoxidation was performed at temperature
of 415±2°C and pressure of 7±0.5 MPa. Each of the four Zry-4 specimens was preoxidized
for different duration (from 152 to 381 days) to reach different Zr-oxide thickness on the
cladding (in range of 10-25 urn). After each 20-30 days of preoxidation the specimens were
removed from the autoclave and Zr-oxide thickness was measured by EC at pre-defined
points. Results of the Zr-oxide thickness measurements are plotted in Fig. 6.

A destructive examination of the preoxidized Zry-4 specimens was performed at SKODA-
UJP a.s., Praha. This destructive examination covered:

visual examination,
assessment of Zr-oxide thickness by a metalography method and comparison with results
obtained by the EC method (results shown in Fig. 7),
Zr-oxide morphology including hydrides orientation,

- evaluation of hydrogen amount absorbed by the Zry-4 (results shown in Fig. 8 as a
function of Zr-oxide thickness),

- mechanical properties (eg. stress-strain characteristics) on the cladding ring specimens
(results for cladding ductility shown in Fig. 9 as a function of Zr-oxide thickness and
amount of adsorbed hydrogen).

Results of the destructive examinations showed:

-Thickness of Zr-oxide lies in range of 10-25 urn and is quite uniform on the Zry-4
cladding tube specimens. There is a good agreement between the non-destructive EC
method for Zr-oxide thickness measurement and the destructive method. The EC data on
the Zr-oxide thickness are systematically slightly higher than the data from destructive
examination (approx. 2-3 urn).

- Amount of adsorbed hydrogen depends on thickness of Zr-oxide. Specimen with the
longest preoxidation indicates high amount of adsorbed hydrogen (1400—1500 ppm).
There is no explanation for such a different behaviour from other specimens. Hydrogen
level in some specimens exceeds the operation limit (600 ppm H2) given for VVER-1000
conditions.

After the preoxidation and characterization stages, the Zry-4 specimens were used for
subsequent exposition in the RVS-4 in-pile water loop. Four cladding tubes were prepared to
form an in-pile test bundle which is situated in the loop irradiation channel:

one cladding tube of as received low tin Zry-4 ("improved),
one cladding tube of as received Zr-l%Nb alloy (original VVER cladding material used in
the test as a reference material),

- two cladding tubes of low tin Zry-4 (,,improved") formed from preoxidized segments.

The latter cladding tubes consist of four Zry-4 preoxidized segments and were formed by a
welding process. A special electrically heated rod is inserted into each cladding tube to
simulate heat flux on the cladding surface. A gap between the heating rod and cladding tube
contains helium gas to improve its thermal conductivity.
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Figure 6: Corrosion kinetic of preoxidized Zry-4 specimens
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After completion of the preparation stage, the in-pile test section was loaded into the loop and
an irradiation stage has been started. During this stage the RVS-4 loop is operated at the
following thermal-hydraulic and water chemistry parameters:

loop pressure: 15.7 MPa
- inlet / outlet test section temperature: 311/ 322 °C

coolant flow rate: 2 tons/hr
- surface heat flux: 60 W/cm2

cladding — Zr-oxide temperature: 345-350°C
- boron concentration: 3.5 g HsBCb/kg (610 ppm B)
- potassium / lithium concentration: 8 ppm K / 0.5 ppm Li

ammonia concentration: 15 ppmNH3
- dissolved hydrogen concentration: 25-35 STPcc IVkg

dissolved oxygen concentration: < 10 ppb O2

At the moment, the in-pile corrosion test is under progress with a target irradiation time as
minimum of 100 irradiation days, ie. five reactor cycles. In the course of irradiation some
intermediate non-desctuctive examination is foreseen (eg. visual inspection, Zr-oxide
thickness measurement by EC method). After completion of the loop irradiation an extensive
post-irradiation examination should be performed. The PIE will include:

a visual examination,
an assessment of Zr-oxide thickness by a metalography and electrochemical impedance
spectroscopy methods,

- a Zr-oxide microstructure and morphology investigation by OM, SEM and TEM (eg.
hydrides distribution, orientation, secondary particles etc.),

- an evaluation of hydrogen amount absorbed by Zry-4 alloy by an extraction method,
an assessment of mechanical properties (eg. stress-strain characteristics, ductility) on
cladding ring specimens.
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