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1. Introduction

Ignalina NPP unit 2 contains RBMK-1500 type
reactor. Fuel channels (FC) are the major structural ele-
ments of the reactor core. The FC pressure tube Zr-
2.5%Nb alloy with TMT-2 (thermomechanical treatment)
is used in the NPP unit 2. The top, center and bottom seg-
ments of typical reactor fuel channels [1] are shown sche-
matically in Fig. 1. The main component of the fuel chan-
nel is the coolant carrying tube constructed from separate
end and center segments. The center segment // is a tube
with outside diameter 88 mm (4 mm thick wall). The top 9
and bottom /5 segments are made from a stainless steel
tube. The choice of zirconium alloy for the center part was
made because of the relatively low thermal neutron absorp-
tion cross-section of the material and its adequate me-
chanical and anticorrosive properties at high temperatures
(up to 350°C). The center and end pieces are joined by
special intermediate coupling, made from steel-zirconium
alloy.
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Fig. 1 Fuel channel. / - protective screw plug; 2 - structure
“E” upper plate; 3 - FC housing in structure “E”;
4 -Leak tight weld; 5-FA suspension unit;
6 - upper FC housing; 7 - FC cartridge; § - FC plug;
9 -FC upper part TK; 10 -upper steel-zirconium
adapter; /7 -FC middle part; 12 -lower steel-
zirconium adapter; /3 - screwed support; /4 - lower
FC housing; /5 - FC lower part; /6 - compensating
bellow

In case that fuel channels are the major structural
elements of the reactor core the evaluation of the influence
of the ageing mechanism on mechanical properties of zir-
conium alloys during operation of reactor is needed. The
ageing mechanisms of zirconium tubes are irradiation and
thermal creep causing increase of tube diameter and em-
brittlement of zirconium alloy under exposure of irradia-
tion and hydrogen absorption. Hydrogen absorption by
zirconium alloy during corrosion process is one of the fac-
tors determining lifetime of Zr-2.5% Nb pressure tube.
When the concentration of hydrogen in material of pres-
sure tube exceeds solubility limit [2], zirconium hydrides
can be present.

The hydride is a brittle phase. The source of the
embrittlment is hydride precipitates that formed as plate-
lets. The formation of hydrides in the matrix of zirconium
alloy degrades the mechanical properties of zirconium al-
loys: reduces ductility and resistance to brittle fracture [3-
6]. Hydrides under certain conditions can cause initiation
of hydride cracks (delayed hydride cracking) [7, 8]. These
changes in mechanical properties need to be considered in
component design-life evaluation. For this reason experi-
mental and theoretical studies have been performed in or-
der to understand and simulate hydride formation and its
influence on zirconium alloys properties [9-13].

One of the main design and operational require-
ment is to preclude any unstable fracture of pressure tubes
during operation. Therefore the evaluation of fracture
toughness degradation due to hydrogen ingress continues
to be of interest in structural integrity analysis.

The aim of this work was to study the variation of
stress intensity factor of pressure tube Zr-2.5%Nb alloy
with TMT-2 at different hydrogen contents. Experimen-
tally determined mechanical properties, stress intensity
factor and modeling of stress intensity factor for the nonir-
radiated alloy with different hydrogen concentration levels
at ambient temperature were done. The computer code
CASTEM 2000 was used for this analysis.

2. Specimens preparation and experiment

The investigation of the influence of different hy-
drogen concentrations on mechanical properties and frac-
ture toughness characteristics of RBMK TMT-2 fuel chan-
nel pressure tube material has been carried out on hydro-
gen free specimens (it is assumed that in the initial state
after production FC the content of hydrogen in the zirco-
nium pipe comprises 0.7-3 ppm) and on the specimens



containing 45, 95 and 137 ppm hydrogen.

A ring section of Zr-2.5%Nb was cut from unirra-
diated RBMK TMT-2 reactor pressure tube. Sections of
the pressure tube were hydrided to produce the required
hydrogen concentrations using an electrolytic method and
diffusion annealing treatment [14].

Hydrogen homogeneity was controlled by metal-
lographic examination. Metallography of hydride structure
sections shows a uniform hydride distribution with hy-
drides elongated in the longitudinal direction (Fig. 2).

Fig. 2 Hydride microstructure of RBMK TMT-2 pressure
tube material in radial — axial (a) and radial — trans-
verse (b) sections. Hydrogen concentration of
137 ppm

Hydrogen concentrations in sections were deter-
mined using inert gas fusion method on the standard
equipment LECO RH-402 using titanium with known hy-
drogen content as reference. Before gas analysis the sec-
tion was abraded to remove the undiffused hydride layer.

Experimental results of hydrogen concentration
influence on zirconium alloy mechanical characteristics
and stress intensity factor, which are presented in this
work, are averaged values from the set of 3-5 specimens.

Mechanical properties of RBMK pressure tube
Zr-2.5%ND alloy in TMT-2 were obtained by tension test-
ing. As the pipe strength depends mainly on circumferen-
tial stresses, seminatural specimens in this direction from
the fuel channel tube were cut off. Shape and dimensions
of the specimens are shown in Fig. 3.
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Fig. 3 Shape and dimensions of tensile specimen

The investigation was performed on the 50 kN
capacity tension-compression testing machine with the
stress rate o, = 20 MPa/s, which is in accordance with the
requirements [3] - to keep stress loading rate in limits
o, =2-20 MPa/s. Experimental curves “force — specimen
elongation” were recorded to computer via oscilloscope;
load and strain values were calculated by using scales
mpr= 10010 N/V and m,= 2.667 mm/V.

Tensile testing and calculation technique was per-
formed according to EN-10002-1 requirements [15].

Obtained mechanical properties for Zr-2.5%Nb
alloy at ambient temperature and at different hydrogen
concentration are shown in Fig. 4. The experimental data
showed that increasing of hydrogen concentration causes
increasing of yield stress (R,.), and tensile strength (R,,),
and decreasing of the relative elongation (4). The variation
of these parameters shows decrease of plasticity of this
alloy.
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Fig. 4 Mechanical properties of Zr-2.5% Nb alloy

Fracture toughness tests have been carried out us-
ing curved compact specimens toughness. From the sec-
tions of material these specimens were machined along the
axis of the pressure tube, retaining the tube curvature. Ex-
cept for the thickness and the curvature of the tube, the in-
plane dimensions of specimens were in proportion de-
scribed for compact specimen in ASTM standard test
method (E-399). Shape and dimensions of the specimen is
shown in Fig. 5.
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Fig. 5 Compact specimen

Pre-cracking of compact specimens was per-
formed according to the recommendations provided by
standards [16]. Testing has been performed supply the re-
quirements [15].

In order to maintain normal tensile stress as per-
pendicular as possible to the crack growth plane during
fracture toughness testing, the grips of compact specimens
were subjected by the conical shape pins, which angle was
calculated with respect to arch radius of the specimen and
initial crack length, which has been pre-cracked on high
frequency testing equipment.

Stress intensity coefficient was calculated by the
following equation

Ky=—2 f(“) ()
¢ w T \w
where F) is the applied load, N; B is the specimen thick-

ness, m; W is the specimen width, m; a is the crack length,
m; fla/W) was calculated using the equation
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As for all investigated compact specimens

Fo/Fp>1.1 and 2.5(KQ /R0, )2 are higher when B, a, and

W — a, calculated stress intensity coefficient K, does not
correspond to K;c. Therefore critical stress intensity coeffi-

cient for the specimen of tested thickness K, was esti-
mated by substituting F, by F¢ in Eq. (2) (Fig. 6).

The estimated stress intensity coefficients are
shown in Table 1. The observation of tests showed that
stress intensity coefficients decrease with the increase of
hydrogen concentration. It is obviously seen from this data,
that stress intensity coefficient K-~ much more depends on
hydrogen concentration than K.
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Fig. 6 Load versus crack displacement of the fourth type
curves: scheme of Fp and F determination

Table 1

Fracture toughness characteristics of Zr-2.5% Nb alloy
Hydrogen Fo, Fe, Ko, KC*,
concentra- N N MPa m"? MPa m"?
tion, ppm

0 1950 3580 34 62

45 1800 2890 31 50

95 1720 2880 30 50

137 1810 2610 32 46

3. Numerical modelling of the stress intensity factor

The modelling of stress intensity factor for the
zirconium alloy without hydrogen and with hydrogen was
made using a Finite Element Method (FEM).

The finite element model was prepared for the
stress intensity factor modelling (Fig. 7). the FE model was
made in consideration of experience of other researchers
[17]. Compact specimen 2D FE model’s dimensions are
the same as the compact specimen dimensions used for the
experimental testing (Fig.5). FE model’s initial crack
length 1 is 1.8 mm (Fig. 8). The two half’s of pins were
modelled for the transfer of the load. These two half’s were
meshed with triangles elements. Modelling of the fracture
parameters is important that the stress condition was
evaluated across the specimen. Stress evaluation across the
specimen is obtained using flat continuum 8 nodes QUAS
[18] elements. These elements evaluate the plane strain
conditions, i.e. the strain condition evaluates in two direc-
tions and the stress condition evaluates in three directions.

The correct size of the mesh is important for finite
element models [19]. Especially it is important for model-
ling of the fracture parameters. The results of the evalua-
tion are acceptable, if the typical elements around the crack
tip make the angle, which is in limits from 10° (fine analy-
sis) to 20° (average precision analysis). As shown in the
figure 8 the modelled crack tip was meshed with triangular
elements that make an angle of 5.5°.



Fig. 8 2D finite element model of the crack tip

The experimentally determined mechanical prop-
erties were used for modelling of the stress intensity factor
of zirconium alloy with hydrogen and without hydrogen
(Fig. 4).

The displacement was used as the load in the
modelling of the stress intensity factor. The load was
added to the reference point, which was modelled in the
centre of the pin (Fig. 7, RP1). The reference point 2 (RP2)
was restrained along the X-axis and Y-axis directions.

4. Results of the stress intensity factor study

Analytical analysis of the stress intensity factor of
zirconium alloy with hydrogen and without hydrogen was
performed using a FEM. Analysis was made at ambient
temperature when the concentrations of the hydrogen were
45,95 and 137 ppm and without hydrogen.

The results of von Misses stresses distribution of
zirconium alloy without hydrogen are shown in Fig. 9. As
we can see in the figure, the maximum value of stresses is
in the crack tip. The stresses reach ultimate strength at the
crack tip that means the crack propagation begins. Ana-
logical stresses distribution and fracture character was re-
ceived for the zirconium alloy with hydrogen concentration
of 45, 95 and 137 ppm.

Variation of the tension load with crack opening
displacement of the zirconium alloy with hydrogen con-
centration of 95 ppm is presented in Fig. 10. Crack open-
ing was measured at the load attachment points 1-2 (Fig. 9)
as well as during the experiment. It was received reasona-
bly good agreement between predicted and experimental
data in elastic region. The stress intensity factor is the pa-
rameter of linear fracture mechanics [20]. Therefore the
modelling of this parameter can be performed for elastic
stress state. The prognosis results of the tension load were
compared with testing data at elastic part of loading.
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Fig. 9 Distribution of von Misses stresses in the compact
specimen area
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Fig. 10 Variation of the tension load with crack opening
displacement of zirconium alloy with hydrogen
concentration of 95 ppm

Variations of stress intensity factor with tension
load of the zirconium alloy with hydrogen concentration of
95 ppm are presented in Fig. 11. The prognosis results of
the stress intensity factor were compared with testing data
of the X, i.e. Ky and K¢". Good coincidence of the progno-
sis results with experimental data was received. Similar
results were received in the analysis of zirconium alloy
with hydrogen concentration of 45 and 137 ppm and with-
out hydrogen. The deviation of the modelled K values from
experimental Ky and K¢~ do not exceed 6% in case of the
analysis of zirconium alloy without and with hydrogen.

The values of calculated and experimentally de-
termined stress intensity factors at different hydrogen con-
centration are presented in Table 2. The influence of hy-
drogen concentration on the stress intensity factor is shown
in Fig. 12. The continuous and dashed lines present pre-
dicted variation of the stress intensity factor with hydrogen
concentration received using a FEM and points — experi-
mental data. It is seen that the results of calculated stress
intensity factors are between the points of experimental
results and they quite good represent the influence of hy-
drogen on the change of the stress intensity factors. The
results of the calculation show that the increase of the vol-
ume of hydrogen in the zirconium alloy matrix change the
material properties gradually and the existing mismatch to
experimental points is caused by the spread of experimen-
tal data. The values of calculated and experimentally de-
termined stress intensity factors at different hydrogen con-
centration are presented in Table 2. It shows that increas-
ing hydrogen concentration from 0 to 137 ppm decreases
the stress intensity factor Ky by 13% and K¢ decreases by
24%.



Table 2
Stress intensity factors Ky and K ¢ — modelling result com-
parison with experiment

Stress Hydride concen- . .
intensity tration, ppm Experiment | Prognosis
factor
0 34 34
45 31 33
Ko 95 30 31
137 32 30
0 62 59
x 45 50 53
Ke 95 50 49
137 46 48
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Fig. 11 Variation of stress intensity factor with tension
load of zirconium alloy with hydrogen concentra-

tion of 95 ppm
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Fig. 12 Variation of stress intensity factor with hydrogen
concentration

5. Summary and conclusions

The experimental investigation of the hydrogen
concentrations influence on mechanical properties was
carried out. The obtained mechanical properties for
Zr-2.5%Nb alloy at ambient temperature and at different
hydrogen concentration showed that increasing of hydro-
gen concentration causes increasing of yield stress (Rpy,)
and tensile strength (R,,).

The influence of hydrogen concentration on the
stress intensity factor was analytically and experimentally
evaluated. The modelling of the stress intensity factor of

zirconium alloy (Zr - 2.5% Nb) without and with hydrogen
was performed using finite element method. The effect of
hydrogen was evaluated by applying experimentally de-
termined material properties to FEM.

Comparison of the stress intensity factor progno-
sis results of the zirconium alloy with and without hydro-
gen with experimental data shows that the deviation of
calculated stress intensity factors Ky and K¢ from the ex-
perimental values does not exceed 6%. The reason of
prognosis result deviation from experimental results is the
spread of experimental data. According to prognosis re-
sults and experimental data it was determined that increas-
ing hydrogen concentration from 0 to 137 ppm decreases
the stress intensity factor Ky by 13% and K¢ decreases by
24%.
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R. Janulionis, M. Daunys, G. Dundulis, A. Grybénas,
R. Karalevicius

SKAITINIS IR EKSPERIMENTINIS VANDENILIO
ITAKOS Zr-2.5%Nb LYDINIO IRIMO TASUMO
CHARAKTERISTIKOMS TYRIMAS

Reziumé

Darbo tikslas — vandenilio jtakos RBMK-1500
reaktoriaus kuro kanaly vamzdziy Zr-2.5%Nb lydinio
(TMA-2) irimo tasumo charakteristikoms eksperimentinis
tyrimas bei skaitinis modeliavimas baigtiniy elementy me-
todu. Irimo tasumo charakteristiky skaiCiavimas atliktas
remiantis eksperimentiSskai nustatytomis mechaninémis
cirkonio lydinio savybémis, esant vandenilio kiekiui iki
137 ppm. Gautus skaiciavimo rezultatus palyginius su eks-
perimentiniais duomenimis, nustatyta, kad apskaiciuoty
itempiy intensyvumo koeficienty K, ir K¢ reikimés, taip
pat ju priklausomybés nuo vandenilio koncentracijos yra
tarp eksperimentiniy tasky. [skaitant eksperimentiniy re-
zultaty sklaida, ju nuokrypis nuo skai¢iavimo rezultaty
nevir$ija 6%. Buvo nustatyta, kad, padidéjus vandenilio
koncentracijai cirkonio lydinyje iki 137 ppm, esant 20°C,
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itempiy intensyvumo koeficientas sumazéja 13%, o K¢ —
24%.

R. Janulionis, M. Daunys, G. Dundulis, A. Grybénas,
R. Karalevicius

NUMERICAL AND EXPERIMENTAL RESEARCH OF
THE INFLUENCE OF HYDROGEN TO THE
FRACTURE TOUGHNESS OF ZIRCONIUM - 2.5%
NIOBIUM ALLOY

Summary

The aim of work was the experimental investiga-
tion and numerical modelling using finite element method
of influence of hydrogen to the fracture toughness of Zr-
2.5 Nb alloy of a pipe of the fuel channel with TMT-2 re-
actor RBMK-1500. Calculation of characteristics of frac-
ture toughness was made with use of experimentally de-
termined mechanical properties of zirconium alloy contain-
ing hydrogen up to 137 ppm. Comparison of the received
results of calculation with experimental data has shown,
that the calculated intensity factors K, and K¢, and also
their dependences on concentration of hydrogen are be-
tween experimental points. Including the spread of ex-
perimental results, their deviation from calculated data
does not exceed 6%. It was determined, that the increase in
of hydrogen concentration up to 137 ppm at 20°C de-
creases the value of intensity factor Ky by 13% and K¢ by
24%.

P. Anynénuc, M. [aynuc, I'. Qyanymuc, A. ['pudsnac,
P. KapansiBuuroc

YU CJIOBOE U OKCIIEPUMEHTAJIBHOE
NCCIJIEJOBAHUE BJIMAHNA BOJJOPOJIA HA
BA3KOCTDb PA3ZPYIHEHUA JJIS CITJIABA Zr-2.5%Nb

Pes3owMme

Lenbto pabOTHI SBUIIOCH SKCHEPUMEHTAIBEHOE UC-
CIIeJIOBaHUE U YHCIIOBOE MOJEIUPOBAHUE METOJIOM KOHEY-
HBIX 3JIEMEHTOB BIMSHUS BOJOPOJa Ha BA3KOCTh paspylie-
HUS cIutaBa UpKOHUS Zr-2.5 Nb TpyOsl TOIMBHOTO Ka-
Hana ¢ TMO-2 peakropa RBMK-1500. Pacuer xapaxrepu-
CTHK BSI3KOCTU NPOBOAMICS C HCIOJb30BAHUEM JKCIEPHU-
MEHTAJIFHO OIIPEJEIICHHBIX MEXaHHMYECKHX CBOMCTB IIHp-
KOHHMEBOTO CIUIaBa, cojepskamero 1o 137 ppm Bomopoaa.
CpaBHEeHHE MOIYYSHHBIX PE3yJIbTaTOB pacdera C IKCIEpH-
MEHTAJIbHBIMH JaHHBIMH II0Ka3aJlo, YTO pPacCUYUTAHHBIE
K02 PUIMEHThl UHTEHCUBHOCTH HampsbkeHUU Ko U K¢ a
TaKXe UX 3aBUCHMOCTH OT KOHLICHTPAI[H BOJIOPO/A HAXO0-
JIATCSL MEXAY SKCIEpUMEHTANbHBIMU TOYKaMHu. Bkirowas
pa3dpoc dKCHEPUMEHTAIBHBIX PE3yJIbTaTOB, MX OTKJIOHE-
HHUE OT pacUeTHBIX JaHHBIX He MpeBbimaeT 6%. Onpesene-
HO, YTO yBEIMUYCHHE KOHIIEHTpaLuu Bogopoaa 10 137 ppm
npu 20°C cHmkaer 3HayeHHe Kod(duimeHTa WHTEHCHB-
Hoctu Ky Ha 13%, a KC* —Ha 24%.
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