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ABSTRACT

The RBMK pressure tube removed from the Ignalina NPP was investigated at Studsvik Nuclear. The destructive
examination performed after visual inspection included metallographical evaluation and hydrogen measurements, as well as the
tension and fracture toughness tests at room temperature and at 300 °C. No significant degradation in material properties has
been revealed. The RBMK tube was in very good condition when removed from the reactor and would have been satisfactory
for further service.

INTRODUCTION

In early 1992 the Swedish Government allocated to the Swedish Nuclear Power Inspectorate (SKI) special means for co-
operation and support within the area of Nuclear Safety in countries in Eastern and Central Europe. From the Swedish side
SKI was responsible for the involvement of a great number of Swedish experts from different organisations. In the beginning
of 1995 an operationally independent project named SIP, Swedish International Project Nuclear Safety, was organised. Within
the programme for Lithuania one issue connected to the licensing of units and evaluation of their current safety status is post-
irradiation examination of the zirconium pressure tubes of the Fuel Channels (FC). A contract between Ignalina NPP in
Lithuania and Studsvik Nuclear AB in Sweden with SIP assistance is the basis for the work performed during the first half of
year 1999. For the testing of the samples of RBMK pressure tubes the Canadian standard has been partly used, which is
developed for and normally applied to CANDU pressure tubes testing. The combination of Russian methodology for one part
of the FC and application of the Canadian standard in mechanical testing is a very new way of testing RBMK pressure tubes.
The main idea of such a testing programme was a possible compatibility between CANDU test data and the work performed
on RBMK FC in Sweden.

The Ignalina RBMK Reactor core includes 1661 fuel channels that pass vertically through the graphite moderator and
contain the fuel elements and pressurised light water coolant. Middle part of the channel is made of Zr-2,5 %Nb alloy and has a
length of 8,3 m, an inside diameter of 80 mm, and a wall thickness of 4 mm. Each end of the pressure tube (zirconium part of
the channel) is connected to the transition joint (lower, inlet or upper, outlet). Each transition joint includes "Zr-Zr" electron
beam weld (EBW), "Zr-steel" diffusion weld (DW), and "steel-steel" argon-arc weld (AW). During service the pressure tubes
operate at an internal pressure of about 80 MPa at temperatures varying from 270-285 °C (inlet ends) to 290-310 °C (outlets
ends). A fast neutron flux is typically between 2,5 and 4·1017 n·m-2·s-1 providing maximum fast neutron fluence in the middle-
length of a pressure tube. Degradation of pressure tube material occurs during service as a result of irradiation as well as
hydrogen pickup from the pressurised light water coolant.

The pressure tubes of Ignalina NPP reactors are monitored to evaluate their status. Periodical in-pile inspections include
ultrasonic examination, visual TV-inspection, measurements of inner diameter and wall thickness, measurements of the
bending. Based on the results of the in-pile inspections, the tubes are selected for periodical removal and destructive
examination (DE).

PRESSURE TUBE MATERIAL

The pressure tube A433, examined in the present work, operated up to 15 years, that corresponds to the maximum fast
neutron fluence of 9.3·1025 n·m-2 (E>0.5 MeV). The tube was manufactured from Zr-2.5Nb alloy with water quenching from
(α+β)-Zr temperatures followed by cold rolling and ageing at the latest stages of the manufacturing process. Such a process
typically provides for an as-received tube tested in tension at room temperature the circumferential mechanical properties at the
level of R0.2 = 550-650 MPa, Rm = 650-750 MPa and total elongation of 22-26 %.
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EXPERIMENTAL PROCEDURES

Visual inspection
The outer and inner surfaces of the tube were visually examined in a cell through a wall periscope within the areas of

lower transition joint (EBW, DW, and AW) and in the high fluence zone (HFZ) at the elevations of 2,2-2,6 m from the lower
transition joint. Based on the visual inspection, the positions for metallographical examination were determined within the areas
of intensive corrosion.

Metallographical examination
Metallographical examination was performed with an emphasis on the oxide thickness and hydride morphology

visualisation. Oxide thicknesses were measured on the photographs.

Hydrogen measurements
Hydrogen measurements were performed for the tube material in the areas of EBW and HFZ. The specimens were taken

from the positions, where metallographical examination revealed visible hydrides. The surface of the specimens was ground in
order to remove the oxide. After grinding the specimens were etched during 5-10 s in a mixed solution H2O2:HNO3:H2O:HF =
50:25:25:1. Hot extraction was carried out by means of the ELTRA OH 900 analyser that uses a carrier gas flow system at
atmospheric pressure. To control the measurements, the analyser was calibrated with certificated standard materials containing
16±2 and 32±2 wtppm of hydrogen.

Fracture toughness tests
The crack growth resistance of irradiated RBMK pressure tube in the HFZ area was evaluated by means of a small-scale

specimen method earlier developed for the CANDU pressure tubes [1]. The 17-mm wide curved compact specimens (CT) were
spark-eroded in the wire-cut electrical-discharge machine (EDM) from the HFZ area of the tube. The CT-specimens were
oriented for crack growth in the axial direction on the radial-axial plane. After fatigue pre-cracking of the starter notch, the
specimens were loaded at an extension rate corresponding to a loading rate (dK/dt) of about 1 MPa·m½·s-1. Stable crack growth
was monitored using the direct-current potential drop (DCPD) method for the excitation current of 5A. The constant current
and voltage leads were attached to the tabs on the front side of the specimen using tightened plugs, which were pressed into the
holes machined in the specimen tabs. The calibration fatigue tests at room temperature, when the DCPD was measured as a
function of crack length in unirradiated RBMK specimens, showed a good fit to the data published for CANDU specimens. For
comparison reasons, the specimens of the reference unirradiated RBMK (TMO-1) pressure tube were also tested and their
J-resistance curves were produced under the same conditions.

The specimens were loaded at room temperature or at 300 °C in displacement control to produce about 3 to 4 mm of
crack growth and the load, load-point displacement, and DCPD are all monitored. After unloading, the crack extension area
was marked by the short-term fatigue, and the measured (average) crack extension matched to the total change in DCPD during
the test. The proportionality factor determined in such a way for each specimen was then used to calculate the crack extension
at each point of the load-displacement curve. J-integral values were calculated from the load-displacement curve and plotted
against the corresponding crack extensions. That plot obtained for each specimen tested was used to establish a crack initiation
measurement point, J0.2, which is the J-integral value at the intersection of the 0.2 mm offset line and J-resistance curve. The
initial crack growth toughness, dJ/da, was obtained as a linear regression slope of the J-resistance curve between the 0.15- and
1.5-mm offset line.

Tension tests
Tension tests were performed to determine the flow stress required for the J-resistance curve analysis. Because of the

curvature of the tube, straight specimens were produced by first cutting the pressure tube blank into a flat, 2-mm-thick plate.
The specimens were then manufactured by means of EDM from the plate to final dimensions of 4 mm in width and 2 mm in
thickness, with a gage length of 10 mm. The tension specimens were machined from the same area of the tube as CT-specimens
and the tension tests were performed at room temperature and at 300 °C at a strain rate of about 0.005 min-1 until the specimen
failed.
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EXPERIMENTAL RESULTS

Visual inspection
The inner surface of the tube in the DW area of the lower transition joint (LTJ, inlet) had a sharp transition from the dark

grey colour of the steel part to a very light colour of zirconium part of the tube (Fig.1a). Light colour results from zirconium
oxide, which looks porous and friable. An EBW area had a multilayer structure with different colours depending on the heat
affected zones (Fig. 1b). The oxide outside those zones still has light colour and looks porous.

In the HFZ area, inner surface of the tube had dark brown uniform colour, probably owing to iron-containing depositions.
The areas corresponding to the positions of the fuel bundle spacer grids were clearly visible at the inner surface of the pressure
tube. In those areas, the indications of local scaling were observed (Fig.1c).

a) DW b) EBW c) HFZ

Fig. 1. An example of the inner surface appearance at the different areas of the TMO-1 pressure tube (A-433): a) diffusional
weld (DW); b) electron beam weld (EBW); c) high fluence zone (HFZ) in the area of spacer grid.

Oxide thickness
Metallographical examination of the outer surface of the tube shows practically no visible oxide with exception of a few

areas where the oxide thickness of 2-3 µm was observed. At the inner surface of the tube, the oxide thickness varied along the
tube. The following areas could be distinguished concerning the oxide thickness
•  Lower transition joint – the average oxide thickness was ~30 µm. The upper layer of the oxide can be cracked and

partially scaled, but the inner layer of the oxide is bonded to the metal matrix.
•  High fluence zone, spacer grid positions - a non-uniformed oxide with the thickness of 10-100 µm was observed.
•  High fluence zone, outside the spacer grid area - the oxide is also non-uniform. However, the oxide thickness was less

then 30 µm.

Hydride morphology and hydrogen measurements
A few single hydrides and a few small groups of hydrides have only been revealed during metallographical examination

(Fig.2a, b). No hydride clustering or any obvious trend in hydride positioning (the inside, outside or the middle part of the wall-
thickness) was noticed. Observed hydrides had predominantly tangential orientation both in the area of the lower transition
joint and in the high fluence zone. A few tangential-radial hydrides were only noticed in the spacer grid area (HFZ) at the inside
surface of the pressure tube and were apparently related to the local corrosion (Fig.2c).
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Fig.2a. Tangential hydride in the mid-
thickness of the tube wall (HFZ,
spacer grid area). Hydride length is 40
µm.

Fig.2b. Group of hydrides in the mid-
thickness of the tube wall (axial cross-
section of the EBW, heat affected
zone). Total length of the hydride
group is 20 µm.

Fig.2c. Radial-tangential hydrides in
the area of local corrosion (HFZ).
Average hydride length is 25 µm.

The hydrogen measurements were performed for the material from the EBW (central part of the weld and close to it) and
HFZ (within and outside the spacer grid areas). Totally, 14 samples were analysed. All data from hydrogen extraction
measurements showed hydrogen concentration below 15 wtppm.

The main information from the microstructure examination (oxide thickness, hydride length and orientation) is
summarised in Table 1.

Table 1. Oxide thickness and hydride morphology.

Within EBW Outside EBW Within
Spacer grid area

Outside
spacer grid area

Oxide thickness
(average, µm):

Inner surface
Outer surface

~30
-

~25
-

10-100
no oxide / 2-3

~30
no oxide / 2-3

Hydride orientation Predominantly
tangential

Predominantly
tangential

Tangential and
radial

Predominantly
tangential

Hydride length
(average, µm) ~20 ~20 25-60 30-40

Mechanical properties
The tensile properties calculated from the load-displacement curves and from the specimen measurements including the

data for unirradiated reference material are summarised in Table 2. The flow stress, σY , calculated for each specimen, is an
average of the ultimate, Rm , and yield, R0.2, tensile strength. For the J-resistance curve analysis the σY values for irradiated
material were averaged for each test temperature.

The fracture toughness data for Zr-2.5Nb (TMO-1) pressure tube are summarised in Table 3 while Fig. 3 shows an
example of the specimen fracture surfaces. The J-resistance curves for irradiated TMO-1 pressure tube generally exhibit a
steadily decreasing slope, similar to that of unirradiated material (Fig. 4).
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Table 2. Tensile properties of the TMO-1 pressure tube material from the high fluence zone.

Specimen Test (°C) Rm (MPa) R0.2 (MPa) εu (%) εt (%) RA (%) σY (MPa)

D1
D2

D3
D4

25
25

300
300

883
899

660
672

630
635

543
629

2.1
2.4

1.4
1.1

17.7
17.8

16.1
15.3

60
63

68
65

757
767

602
651

Reference
(as-received)

25
300

680
476

570
395

3.5
2.2

23
23

70
77

625
436

Table 3. Fracture toughness properties of the TMO-1 pressure tube material from the high fluence zone.

Specimen Test (°C) Pmax (N) J0.2 (kJ/m²) Jmax (kJ/m²) ∆J/∆a (MPa) J1.5 (kJ/m²)

FT1
FT2

FT3
FT4

25
25

300
300

3989
3928

3389
3397

53
52

71
78

118
108

110
117

137
139

143
146

228
232

265
270

Reference
(as-received)

25
300
300
300

4341
3152
3174
3268

169
96

144
122

201
161
166
172

262
260
225
243

590
554
524
543

a) Specimen FT-1 b) Specimen FT-3

Fig. 3. An example of the CT-specimen fracture surfaces after fracture toughness test at room temperature (a, specimen
FT-1) and 300 °C (b, specimen FT-3).

Discussions
The results of visual inspection agree with the data from microstructural examination. The oxide thickness varies between

25-30 µm along the main portion of the tube and up to 100 µm in the local areas. Such areas with non-uniform oxide having the
thickness from 10 to 100 µm are related to the positions of the spacer grids in the fuel bundles. However, such local variations
in the oxide thickness do not appear to affect hydrogen distribution in the pressure tube material. No hydrogen enrichment has
been noticed within the spacer grid areas.

In result of in-reactor service of the TMO-1 pressure tube up to fast neutron fluence of 9.3·1025 n·m-2 (E>0.5 MeV) the
increase in the 0.2 % offset yield stress, R0.2, was about 150-230 MPa and for the ultimate tensile strength, Rm, the increase was
about 180-200 MPa when tested at 300 °C. For the irradiated material, the difference between the R0.2 and Rm at 300 °C was
40-110 MPa indicating quite high work-hardening capacity of the TMO-1 pressure tube material. At room temperature, this
difference was even larger - about 250 MPa. No indications of strain localisation or discontinuous yield were observed.
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The behaviour of the TMO-1 pressure tube material observed under tension testing usually indicates high fracture
toughness properties. Indeed, the appearance of the specimen fracture surfaces (see Fig. 3) and the character of the J-resistance
curves (see Fig. 4) confirm such a conclusion. The fracture surfaces consist of a central tunnelled region of flat fracture with
wide shear lips. A narrow tapered zone of flat fracture at the mid-thickness (see Fig. 3) can be treated as an indication of high
fracture toughness of the TMO-1 pressure tube.

In the present work, the fracture toughness of irradiated RBMK pressure tube is at first time evaluated by means of
technique accepted for the CANDU pressure tubes. Since not so many data on fracture toughness of the RBMK tubes are
available, it would be helpful to compare the properties of the RBMK pressure tube with available data on the CANDU
pressure tubes despite the differences in their microstructural characteristics. Fig.5 shows the J resistance curves obtained for
Zr-2.5Nb CANDU pressure tubes irradiated at 255 °C to a fluence 2.1·1024 n·m-2 (E>1 MeV) and tested at 240 °C [2]. The data
shown represent a wide variation in toughness after irradiation: from the highest toughness (Tube H850), which is similar to
that for unirradiated material, to the low toughness (Tube 622). The initial slope of the J-resistance curves for irradiated TMO-
1 tube tested at 300°C is similar to the slope of the high toughness curve (Tube H850). The difference in the test temperatures
(240 versus 300 °C) does not appear to affect the properties significantly, since the data for 25 and 300 °C differ not much (see
Fig. 4). The maximum load points for the TMO-1 J-resistance curves are achieved at the crack extensions of about 0.5 mm,
while for CANDU pressure tubes the crack extensions of about 1 mm appear to be typical for the maximum load points.

It was noticed for CANDU pressure tubes, that the toughness of the irradiated material correlated well with that of the
unirradiated material, irrespective of the toughness parameter used [2]. This is demonstrated in Fig. 6 for the initial crack
growth toughness, dJ/da, of irradiated and unirradiated materials tested at 240 °C. Taking into account insignificant effect of
test temperature (see Table 3) the points for TMO-1 tube are plotted in the same graph showing good fit to the trend observed.
It was also noticed that the dJ/da parameter appears to be closely related to the material strength irrespective of the material
conditions or test temperature [3]. Fig. 7 shows the data for different types of the CANDU pressure tubes: Zircaloy-2, Zr-
2.5Nb, EXCEL, as-received, irradiated, containing 5-750 wtppm of hydrogen and tested at 20-300°C [3]. Again, the data for
the RBMK (Zr-2.5Nb, TMO-1) pressure tube (see Tables 2, 3) plotted in the same graph fit well to the shown database.

It has been observed for CANDU pressure tubes that the large reduction of crack growth toughness with irradiation occurs
at flunkies <2.1·1024 n·m-2 (E>1 MeV). The investigated TMO-1 pressure tube from Ignalina NPP had the maximum fluence of
9.3·1025 n·m-2 (E>0.5 MeV). Assuming similar trends for both CANDU and RBMK pressure tube materials, one could not
expect any significant further reduction of the fracture toughness properties for Zr-2.5Nb (TMO-1) pressure tube.

Fig. 4. The J-resistance curves at 25 and 300 °C for
irradiated Zr-2.5Nb (TMO-1) RBMK pressure tube A-
433 after fluence 9.3·1025 n·m-2 (E>0.5 MeV).

Fig. 5. The J-resistance curves at 240 °C for irradiated Zr-
2.5Nb CANDU pressure tubes with different level of the
fracture toughness properties (after fluence 2.1·1024 n·m-2

(E>1 MeV) [2].
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Fig. 6. Correlation between the crack growth toughness of
irradiated and unirradiated Zr-2.5Nb pressure tube
material: 1) CANDU tubes (irradiated to 2.1·1024 n·m-2

and tested at 240 °C) [2]; and 2) RBMK TMO-1 tube
(irradiated to 9.3·1025 n·m-2 and tested at 25 & 300 °C).

Fig. 7. Initial slope of the J-resistance curve, dJ/da,
versus flow stress, σY, for irradiated and unirradiated Zr-
2.5Nb and other alloys (Zircaloy -2 and EXCEL) selected
for comparison. Data for CANDU pressure tubes are
taken from Ref. [3].

CONCLUSIONS

Irradiated Zr-2.5Nb (TMO-1) pressure tube from Ignalina NPP (Unit 1) has been examined after 15 years in operation.
Visual inspection and microstructural examination of the welds shows no indications of cracks or other defects in the tube.
Practically no oxide is visible at the outer surface of the pressure tube with the exception of local areas with oxide thickness of
2-3 µm. At the inner surface of the tube one can observe: 1) ~30 µm of oxide thickness in the area of the lower transition joint;
2) non-uniform oxide (10-110 µm) in the spacer grid area (high fluence zone); 3) non-uniform oxide with thickness of less than
30 µm outside the spacer grid area (high fluence zone). Metallographical examination shows a few single hydrides or small
groups of hydrides, while the extraction measurements show less than 15 wtppm of hydrogen. The mechanical properties of the
irradiated pressure tube are characterised and compared to the reference material. Despite the synergistic effects of irradiation
hardening and hydriding, the material of the irradiated pressure tube has quite high remaining ductility and fracture toughness
indicating no significant degradation of mechanical properties.

ACKNOWLEDGEMENT

Many people contributed to the final results of this work on the long way of the pressure tube from Ignalina to Studsvik
and during all investigations carried out. Without their efforts, which are gratefully acknowledged, the present paper would not
be possible. The investigations were jointly sponsored by Swedish International Project Nuclear Safety and Ignalina Nuclear
Power Plant.

REFERENCES

1. Simpson, L.A., Chow, C.K. and Davies, P.H. 1989. "Standard test method for fracture toughness of CANDU pressure
tubes". CANDU Owner Group Report COG-89-110-1.

2. Davies, P.H., Hosbons, R.R., Griffiths, M., and Chow, C.K. 1994. "Correlation Between Irradiated and Unirradiated
Fracture Toughness of Zr-2.5Nb Pressure Tubes". Zirconium in the Nuclear Industry: Tenth International Symposium,
ASTM STP 1245, pp. 135-167.

3. Simpson, L.A. and Chow, C.K. 1987. "Effect of metallurgical variables and temperature on the fracture toughness of
zirconium alloy pressure tubes". Zirconium in the Nuclear Industry: Seventh International Symposium, ASTM STP 939,
pp. 579-596.


	Title Screen
	Chairman's Message
	Conference Organization
	Main Menu
	Table of Contents
	Search CD-ROM
	Search Results
	Print

	SMiRT logo: 
	Conference: 
	Paper: Paper # 1924
	Transactions: Transactions,


