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1. Introduction

Ignalina NPP contains RBMK-1500 type reactors.
RBMK reactors are graphite-moderated with a water-
cooled reactor core. The fuel cell assembly is located in the
centre of the moderator column and consists of a fuel
channel into which the fuel element assembly is inserted
and through which the coolant flows. Zirconium alloys are
used as a constructional material for manufacturing both
claddings of fuel assemblies and fuel channels (FC) [1].
Zirconium alloys can pick up hydrogen during operation as
a consequence of corrosion reaction with water. Hydrogen
redistributes easily at elevated temperatures migrating
down the temperature or concentration gradient and up the
stress gradient.

When the terminal solid solubility of hydrogen in
zirconium alloy [2] is exceeded in a component such as
pressure tube that is highly stressed for long periods of
time, delayed hydride cracking (DHC) failures may occur.
DHC is a phenomenon where a crack can propagate in
stepwise fashion as a result of hydrogen redistribution
ahead of the crack tip under stress level below the yield
stress. The high mobility of hydrogen enables hydride to
redistribute. If stress levels are sufficiently high the local
hydrogen concentration can exceed the terminal solid solu-
bility and the hydride platelets precipitate in the primary
cracking direction.

The necessary conditions for DHC are the pres-
ence of the crack, a sufficiently high hydrogen concentra-
tion, tensile stresses and stress intensity factor (K) larger
then the threshold value at the crack tip. The latter condi-
tion is called Ky, - the threshold stress intensity factor in
the presence of hydride, below which no crack growth oc-
curs. At K; values above Ky the rate of cracking v, is es-
sentially independent on K.

The ability to shut down the reactor before the
pressure tube ruptures is the basis for leak before break
(LBB). The information required to support LBB is knowl-
edge of the length of the crack at leakage, critical crack
length and the speed of DHC.

Tested RBMK zirconium tubes were manufac-
tured using the heat treatment technology TMO-1.

The aim of this work was to estimate the FC ca-
pability to fulfil the LBB requirements for present and fur-
ther time in case of possible DHC cracking.

2. Materials and methods of testing

Before machining the specimens, sections of the

pressure tube were hydrided to produce the required hy-
drogen concentration using an electrolytic method and
diffusion annealing treatment. Predetermined amounts of
hydrogen ranging from 27 to 76 ppm were added to the
unirradiated sections of the fuel channel tubes by electro-
lytically depositing a layer of hydride on the surface of the
pressure tube material followed by dissolving hydride layer
by diffusion annealing at elevated temperature [3].

From the hydrided pressure tube material curved
compact toughness specimens were machined. Except for
thickness and curvature of the tube, the in-plane dimen-
sions of the specimens were in proportion described for
compact the specimens in ASTM standard test method (E-
399). Potential drop leads made of Zr-2.5Nb wire were
attached to the crack mouth of the specimen by spot weld-
ing within 1 mm of either side of the crack mouth so as to
average any irregularities of the crack front through the
specimen thickness.

The CCT specimens have been fatigue pre-
cracked at room temperature to produce an initial crack
length about 1.7 mm.

During DHC testing to monitor crack growth di-
rect current potential drop technique has been used. DHC
test has been completed after estimated crack growth of
1.5 mm.

DHC specimens were investigated using optical
microscope (Olympus, MIC-11). Roughness height on the
DHC surface was measured from the test specimen frac-
ture surface.

3. DHC testing results and discussions

The DHC velocity is sensitive to the temperature
history; the maximum value is attained by cooling from a
temperature higher than the solvus temperature of hydro-
gen in the specimen. Thus, a standard procedure for meas-
uring the cracking velocity was applied. Specimens were
heated at 5°C per min to a peak temperature, soaked for 1 h
and cooled down at 1.5 C per min to the test temperature
with a minimum 30°C temperature drop without any under
cooling. The hydrogen concentrations in the samples were
chosen so that solubility limit at the test temperature was
exceeded about 25 ppm. Peak and test temperatures for
DHC velocity measurements are in Table 1.

To maintain heating and cooling at the given rates
an electric furnace was equipped with programmable tem-
perature controller. Temperature measurements were per-
formed using thermocouple mounted on the specimen sur-
face near the crack tip.



Table 1
DHC testing conditions

DHC test temperature, °C 283 250 144

Peak temperature, °C 335 315 275
Hydrogen concentration, | 763 | 54+3 | 27+3
ppm
DHC length, mm 1.2- 1.3- 1.5-
1.5 1.9 1.6
Ki initial, MPa-m'? 15.7- | 14.5- | 15.1-
17.3 16.5 | 158
K; final, MPa-m'? 20- | 18.9- | 19.9-
225 | 242 | 218
Number of specimens 6 6 3
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Fig. 1 DHC velocity as a function of temperature (a) and
crack resistance at 20°C as a function of hydrogen
concentration (b) for RBMK TMO-1 pressure tube
material

After holding specimen at the test temperature for
35 min, a constant load was applied. DHC started after a
short incubation time and was allowed to grow to an esti-
mated crack length. After completion of DHC test actual
crack length was measured from the fractographs. The
DHC velocity was determined from the average DHC-
length measured from the fracture surface photograph for
one half of the fractured specimen using DHC-area
method. The K; was calculated using the following equa-
tion from ASTM E399

K, = Po/(B-W")-f(a/W) (1)

where Pq is the applied load, N; B is the specimen thick-
ness, m; W is the specimen width, m; a is the crack length,

m; f(a/W) is calculated using the equation

f&/W) = (2+a/W)-[0.886+4.64-(a/W)-13.32(a/W)*+
+14.72-(/W)>-5.6-(&/W)*1/(1-a/W)*? )

The average Vyy, m/s, has been determined by di-
viding average DHC length lp, mm, by DHC time t, min,
as follows

Vaa =10715+/(60t) 3)

DHC velocity data as a function of 1000/T is plot-
ted in Fig. 1, a, fracture toughness depending on hydrogen
concentration is in Fig. 1, b.

To estimate more accurately leak through the
postulated flaw, roughness height on the DHC surface was
measured from the fractured test specimens.

4. Deterministic LBB analysis

The deterministic LBB analysis was performed
according to the Guidance for the application of Leak
Before Break concept at Ignalina NPP RBMK-1500
reactors VD-E-98-03 [4].

The basic requirement of the given document is
that the flow of coolant through through-wall crack must
be detected before the crack will reach critical sizes. Ac-
cording to [4] analysis is performed for the postulated
through-wall crack, which parameters should meet the fol-
lowing requirements:

e  length of the postulated defect should not exceed half
of critical through-wall crack length;

e the leak through the postulated through-wall crack
should 10 times exceed the leak, which can be de-
tected by leakage monitoring systems in 1 hour of
normal operation;

e the postulated crack should remain stable in case of
load increment in 1.4 times;

e the response time of leak detection systems, including
reactor shutdown, should be less than the time of
crack propagation from initial (postulated) length up
to the critical sizes; the influence of degradation and
fatigue mechanisms should be taken into account.

4.1. Sensitivity of leak detection systems

The reactor channel integrity monitoring system
is capable to detect less than 1 kg/h leak, but warning sig-
nals are activated and sent to the Gas Circuit Control
Room and in the Main Control Room when the leak rate in
reactor cavity increases up to 10 kg/h. According to the
requirements of guidance [4], performing deterministic
LBB analysis the safety factor equal to 10 on this value is
used. It means that the calculated leak rate through the pos-
tulated crack should exceed 100 kg/h.

4.2. Tube dimensions and the loads

The minimal allowable wall thickness with the
biggest possible diameter was taken for deterministic LBB
analysis:

e  minimal wall thickness of the tube — 3.6 mm;
e  outside diameter of the tube — 90.0 mm.
Under normal operation conditions (NOC) the ab-



solute static pressure in FC of maximal power at the en-
trance is equal to 7.81 MPa, at the exit — 7.08 MPa accord-
ing to the results of analysis performed using thermohy-
draulic code RELAPS [5] at reactor operation on a thermal
power 4200 MW, when in operation there are three main
circulation pumps with output 8000 m*/h each on each side
of the main circulation circuit (MCC) [6].

Under accident conditions (AC), the highest abso-
lute pressure equal to 8.94 MPa is reached at loss heat sink
accident at the reactor power 4200 MW and the main cir-
culation pumps output 8000 m’/h [6].

4.3. Material properties

In 2001 the company Studsvik Nuclear AB (Swe-
den) performed the determination of mechanical character-
istic of Ignalina NPP Unit 1 fuel channel zirconium tube
with heat treatment TMO-1 [7]. The tested fuel channel
operation life was 17 years.

The hydrogen concentration for the tested pipes
was at the level only few ppm that does not have influence
on fracture toughness at high temperature when zirconium
hydride is dissolved. The results of performed investiga-
tions show that hydrogen concentration has the influence
on crack resistance at 20°C (see Fig. 1, b).

The main influence on reduction of fracture prop-
erties has the size of solid hydrides in the matrix of the
base metal. At higher temperature the solid hydrides dis-
solve, i.e. become smaller and fracture toughness in-
creases. It was conformed by performed investigations [8]
for Canadian material Zr — 2.5% Nb. These data has a good
agreement with the results presented in Fig. 1, b. The re-
duction of fracture resistance at higher temperature is asso-
ciated with the change of main tensile material properties.

4.4. Determination of trough-wall crack critical length

The maximum hoop stresses in FC zirconium part
are equal to 88.7 MPa at normal operation, 101.7 MPa at
the most dangerous accident and 116.6 MPa at hydraulic
testing conditions.

Critical length of through-wall crack was deter-
mined using the following two methods:

e method R6 Option 2 Category 1 using recalculated
values of critical stress intensity factor [9];
e  J-integral method using finite element method [10].

FC lower part was selected for the analysis, hav-
ing the highest stresses and the lowest temperature, which
results in the lower fracture resistance of material. The
rupture parameters for FC are determined for NOC and
AC. The calculation results are presented in Fig. 2. The
results obtained using both methods are similar. However,
the R6 method gives the more conservative results. De-
pending on the loading conditions, the critical crack length
in FC is equal to 46.8 - 56.4 mm according to the method
R6 (Fig. 2, a), and 54.0-61.0 mm according to J-integral
method (Fig. 2, b). The performed sensitivity analysis has
shown that in case of fracture toughness degradation of 1.5
times, critical length of the axial through-wall crack be-
comes shorter about 20%. Critical crack length becomes
twice less than the length calculated in case if fracture
toughness decreases more than 6 times. The results ob-
tained using the R6 method give K-depended fracture in

case of stable crack extension more up to 1.5 mm
(Fig. 2, a).
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Fig. 2 Critical crack size determination diagrams: R6 op-
tion 2 failure assessment diagram (a); J-integral ver-
sus length of through — wall crack under normal and
accident conditions (b)

4.5. Modelling of crack opening function

The function of crack opening is one of the basic
initial data for leak rate calculations. For modelling of the
given function the elastic-plastic finite element analysis is
performed. The function is modelled for the upper and
lower parts of the FC using normal operation loading. The
manometer pressure used in calculations is equal to
7.71 MPa. The result of analysis is presented in Fig. 3. In
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Fig. 3 Dependency of crack opening on crack length under
NOC at inside and outside surface



this figure the maximum value of through-wall crack open-
ing is presented. As it is seen from the results, crack open-
ing on the outside is approximately 40% larger, than on
inside. For critical crack length of 54 mm in FC lower part
at NOC, the maximal crack opening becomes equal to
about 0.37 mm on inside and about 0.50 mm on the outside
surface.

4.6. Modelling of crack opening function

According to the requirements [4], determination
of leak rate is performed for normal operation conditions.
Absolute inside pressure equal to 7.81 MPa and outside
pressure equal to 0.1 MPa under NOC were used in the
calculations. It was assumed, that the coolant at the en-
trance to FC is under subcooled conditions: 263°C at abso-
lute pressure of 7.81 MPa.

For more accurate assessment of the leak rate, ir-
regularities of DHC fracture surface were measured. About
95% of all measured irregularities on DHC surface have
uniform roughness height, which depends little on tem-
perature. General view of such surface irregularities is
shown in Fig. 4, a. The obtained measurement data show
that with the increase of temperature several larger drops in
height form on DHC surface. These ribs on the fracture
surface are oriented along the crack growth direction.
Maximum height of some individual ribs is 100 pm and
more, average height at 283°C is 8616 um (Fig 4, b). Av-
erage frequency of ribs with the height 55-110 um in one
specimen is 2-3. It was assumed in leak flow rate calcula-
tions through DHC split that a height of uniform roughness
was 28 pm and repeated rib roughness with the frequency
3 in transverse direction was 90 um.
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Fig. 4 DHC fracture surface, test temperature 283°C (a);
average roughness height dependence on DHC test-
ing temperature (b)

For leak rate calculations the computer program
SQUIRT v.2.4 was used [11]. In calculations to construct a
function of leak rate, the number of turns (CPL — Coeffi-
cient of Path Loss) equal to 3 for one rib was assumed. It
was considered, that the crack opening is of elliptical
shape, the wall thickness is equal to 3.6 mm, and discharge
coefficient is equal to 0.95. The calculations are performed
following the function of crack opening (see Fig. 3). Cal-
culation results presented in Fig. 5, a show that the leak
rate rapidly increases when the length of postulated crack
exceeds approximately 15-20 mm. The leak rate equal to
100 kg/h is reached when the length of through-wall crack
is about 24-25 mm. The CPL does not have substantial
influence on the results at presented conditions.
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Fig. 5 Dependency of leak rate on postulated crack length
under NOC (a) and dependency of leak rate on criti-
cal through-wall crack length under NOC and AC

(b)

When the length of through-wall crack reaches
more than 35-40 mm, the change of two-phase flow to a
single-phase flow occurs. It results the increase of leak
rate. If the size of through-wall crack becomes close to the
critical crack size, the leak rate will exceed 11 t/h for NOC
and reach about 5 t/h for the most dangerous loading con-
ditions (see Fig. 5, b).

4.7. Analysis of postulated crack growth and stability

In crack growth and stability analysis the postu-
lated through-wall crack of the length equal to half of criti-



cal through-wall crack length, determined at the most dan-
gerous loading, is evaluated. Such loading for FC is the
loading at loss of heat sink accident. According to finite
element analysis results, the length of the postulated crack
for lower FC partis |_leak =1,/ 2 = 49.6 / 2 = 24.8 mm,
There I_leak is length of the postulated crack and I, is criti-
cal length of the crack.

The crack growth rate was assumed equal to DHC
rate in case of static loading. The crack growth rate
v=3.37e-8 m/s at 263°C was used for analysis. This value
was experimentally determined for zirconium alloy Zr -
2.5% Nb with heat treatment TMO-1.

The time t required to detect a leak and to shut-
down the reactor in time is calculated according equation

t=(lc—1_leak)/(7200V) 4)

Thus this time t is 102.2 h or 4.26 day. According
to the requirements [4], leak should be detected less than in
1 hour. During this time, the length of postulated crack can
increase to 270 um. As reported in [8] DHC velocities in
irradiated pressure tube (fluence about 4.5-10%° n/m) can be
up to two times higher. But it does not have the major in-
fluence on the compliance to LBB requirements.
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In Fig. 6, a the dependence of fracture parameters
on load factor is presented. The presented results show,
that if pressure increases 1.4 times (8.84-1.4=12.38 MPa),
J-integral reaches 28.3 kN/m. It is almost 2.5 times less
than critical value. The crack tip stress intensity is stable
up to load factor 2.8 (Fig. 6, b). Thus, it is possible to con-

clude, that unstable growth of the crack of postulated sizes
will not occur.

4.8. Compliance to LBB requirements

Performed deterministic LBB analysis confirmed,
that the length of postulated crack, at which the necessary
leak rate is reached, is less than half-length of the critical
through-wall crack. Also it is confirmed, that the postu-
lated crack remains stable at the most dangerous loading
increase of 1.4 times with a safety factor of 2.5 on fracture
toughness. The dependency of postulated through-wall
crack length on material fracture toughness of is presented
in Table 2.

The limiting factor for LBB requirements compli-
ance can be the decrease of material fracture toughness due
to the increase of hydrogen concentration. As presented in
Fig. 7 the leakage crack size could significantly decrease in
case when hydrogen concentration reaches more than 130
ppm. As shown in the Fig. 7 the leakage crack size is very
close to the minimal acceptable leakage crack size. How-
ever it depends very strongly on leakage crack size safety
factor K LBB =2.0 (K_LBB = Ic / |_leak) which is conser-
vatively assigned in regulations. When the K_LBB = 1.5
the limiting hydrogen concentration is about 200 ppm.
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Fig. 7 Leakage crack size versus hydrogen concentration at
different leakage crack size safety factors

Table 2
Dependency of postulated through-wall crack length on
fracture toughness of material

I_leak 2 |_leak,| J-integral | Critical |Safety factor on
(at 100 kg/h),| mm | at 21 leak, | J-integral, | fracture tough-
mm kN/m kN/m ness, %
25 50 49 60 122.4

5. Conclusions

The performed deterministic LBB analysis con-
firmed, that the length of postulated crack, at which the
necessary leak rate is reached, is less than half-length of
critical through-wall crack. Also it is confirmed, that the
postulated crack, remains stable at the most dangerous
loading increase of 1.4 times with a safety factor of 2.5 on
fracture toughness. The limiting factor for LBB require-
ments compliance can be the decrease of material fracture
toughness 1.22 times which could be associated with hy-
drogen concentration more than 130 ppm.
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G. Dundulis, A. Grybénas, A. Klimasauskas,
V. Makarevicius, R. Levinskas

RBMK-1500 KURO KANALU SENEJIMO DEL LETO
HIDRIDINIO PLEISEJIMO [VERTINIMAS

Reziumé

Straipsnyje pateikiamas RBMK-1500 kuro kanaly
(TMO-1) senéjimo ivertinimas.

Vienas i§ pagrindiniy veiksniy, lemianciy kuro
kanaly, pagaminty i§ Zr-2.5%Nb lydinio, ilgaamziskuma,
yra korozijos metu iStirpusio vandenilio kiekis. Vandenilio
koncentracijai virsijus tirpumo riba, cirkonio lydinyje susi-
daro hidridai. Tam tikromis salygomis, tai sukelia 1éta hid-
ridinj pleiséjimg (LHP) bei mazina Sio lydinio atsparuma
trapiajam irimui

LHP greitis TMO-1 kuro kanale nustatytas ekspe-
rimentiSkai 283, 250 ir 144 °C temperatiirose, esant vande-
nilio koncentracijoms atitinkamai 76, 54 ir 27 ppm. Re-
miantis Siais duomenimis gauta LHP greicio temperatiiriné
priklausomybé. Pagal iStirpusio vandenilio koncentracija
vertintas cirkonio lydinio atsparumo trapiajam irimui po-
kytis, kurj gali sukelti hidridy susidarymas.

,»Tekéjimo prie§ suirima™ analiz¢ atlikta remiantis
gautais tyrimy rezultatais, literatiiroje esanciais duomeni-
mis bei normatyviniy dokumenty RBMK-1500 tipo reakto-
riams reikalavimais. J-integralas ir plySio atsivérimo dydis
apskaiCiuotas taikant baigtiniy elementy metodika. Kritinis
plysio dydis nustatytas naudojant R6 ir J-integralo metodi-
kas. Silumnesio istekéjimo pro postuluota plysj greitis ap-
skaiciuotas naudojant SQUIRT programa.

Eksperimentiniy tyrimy ir deterministinés anali-
z¢és rezultatai patvirtino, kad kuro kanalai (TMO-1) tenkina
,»tekéjimo prie§ suirima* reikalavimus.

G. Dundulis, A. Grybenas, A. Klimasauskas,
V. Makarevicius, R. Levinskas

AGEING ASSESSMENT OF RBMK-1500 FUEL
CHANNEL IN CASE OF DELAYED HYDRIDE
CRACKING

Summary

This paper presents the ageing assessment of
RBMK-1500 fuel channel TMO-1.

One of the factors determining remaining life-
time of Zr-2.5% Nb fuel channel (FC) is the amount of
hydrogen dissolved during corrosion process. When the
concentration of hydrogen exceeds the terminal solid
solubility limit zirconium hydrides are precipitated. As a
result decreases resistance to brittle fracture and form
necessary conditions for delayed hydride cracking
(DHC).

The experimental investigations were performed
to estimate DHC rates in RBMK TMO-1 pressure tubes.
During the tests in average DHC values were determined at
283, 250 and 144 °C (with hydrogen concentrations corre-
spondingly 76, 54 and 27 ppm). Resistance to brittle frac-
ture depending on hydrogen concentration was evaluated.

Leak before break analysis was carried out ac-
cording to requirements of RBMK 1500 regulatory docu-



ments. J-integral and crack opening were calculated with
finite element method. Critical crack length was calculated
using R6 and J-integral methods. Coolant flow rate
through the postulated crack was estimated using SQUIRT
software.

The results of experimental investigations and de-
terministic analyses have confirmed that the fuel channels
(TMO-1) fulfil the LBB requirements.

I'. Ayamymuc, A. I'pubsnac, A. Kimmamayckac,
B. MaxkapsBuutoc, P. JIsBunckac

OLIEHKA CTAPEHHMA TEXHOJIOTMYEC-KUX
KAHAJIOB PEMK-1500 B CJIVUAE 3AME/IJIEHHOI'O
I'MAPUIHOI'O PACTPECKMBAHUMA

Pe3zmowMme

B crarpe mpezcraBieHa OLeHKa CTapeHHUs TEXHO-
norndeckux kananos PBMK-1500 TMO-1.

OmHUM W3 OCHOBHBEIX (DAaKTOpPOB, BIHUSIOMIMX Ha
JOJITOBEYHOCTh TEXHOJIOIMYECKHX KaHAlOB, M3IOTOBICH-
HBIX M3 ciutaBa Zr-2.5% Nb, sBisieTcs BOZOpOA, KOTOPHIH
B IIpoliecce KOppO3uH pacTBopsiercs B ciuiase. Korma xon-
HOCHTpanusa BOAOpOoAa NPEBLIMIACT MPEACIT PAaCTBOPUMOCTH,
(dhopmupyrOTCS THAPHUBI IMPKOHKS. B ornpeneneHHbIX yc-
JIOBHMSIX OTO IMPHUBOJIUT K 3aMEIJIECHHOMY TMAPHUIHOMY pac-
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TpeckuBanuio (3['P), a Taxke CHIXaeT CONMpPOTHBIICHHE
CIIaBa XPYIKOMY pa3pyLICHUIO.

Ckopocth 3I'P B TeXHONOTMUECKUX KaHalax OIl-
peneneHa dKCIepUMEHTaNIbHO IpH Temreparypax 283, 250
n 144 °C u KkoHUeHTpauusax Bojopoaa 76, 54 u 27 ppm
COOTBETCTBEHHO. Ha OCHOBE 3TMX JaHHBIX MOJyYeHa TEM-
neparypsas 3aBucuMoctb 3I'P. Onpeneneno BIusHUE TUll-
pUIIOB Ha W3MEHEHHE COIPOTHBICHHUS LMPKOHHUEBOTO
CIUIaBa XPYIIKOMY pa3pyLICHUIO B 3aBHCHMOCTH OT KOH-
LEHTPAIH PACTBOPEHHOTO BOAOPO/IaA.

AHanmu3 «Tedd mepes pa3pymeHHEM» BBIIOJHEH
UCTIONB3YS TOJIyYEHHBIC PE3YJIbTAThl 3KCIEPUMEHTAIBHBIX
UCCIIEJOBAaHMH, IUTEPATypHbIC JaHHbIE 1 OCHOBBIBASICH HA
TpeOOBaHUSI PEryJUPYIONIEr0 HOPMATHBHOTO JIOKYMEHTa
peaxtopa PEMK-1500. lns onpenenenus J-unTterpaia u
BCJIMYMHBI PACKPBITUA TPCHIWMHBI B TOIUIMBHBIX KaHallaXx
UCIIONIb30BaH METO/]] KOHEUHBIX 3JIeMeHTOB. Kputnueckuii
pasMep TpelIrH paccYuTaH C UCIOJIb30BaHHEM MeToza J-
unTerpana u Merona R6. CkopocTe pacxona Teuun uepes
MOCTYJIMPOBAHHYIO TPEUIMHY OIpEeAeIeHa UCITIONb3Ys IPo-
rpammy SQUIRT.

Pe3ynbTaThl 3KCIEPUMEHTANBHBIX HCCIIEI0BAaHUI
U EeTEPMUHHUCTHYECKOTO aHAM3a MOATBEPIMIH, UTO TEX-
HoJormueckux kaHanoB TMO-1 cooTBeTcTByeT TpebGoBa-
HUSIM «TE€Ub NEPEl Pa3pyILICHUEM.
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