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ABSTRACT 

The CANDU reactor utilizes horizontal fuel channels each 6 m long, which are installed in a 
low pressure calandriatank filled with heavy water moderator at 70°C. Each channel consists 
of a pressure tube containing natural uranium fuel and heat transport heavy water at a 
pressure of about 10 MPa and at a temperature ranging from 250°C at the inlet end to 300°C 
at the oulet end. At each end.lhe pressure tube is connected to a stainless steel end fitting 
by a rolled joint. A thin calandria tube surrounds the pressure tube and the annular space 
between the tubes is filled with carbon dioxide and it is called gas annulus. The pressure 
tubes are fabricated from cold-worked Zr-2.5 Nb alloy, with a wall thickness of 
4 mm and an inside diameter of 103 mm, and the caiandria tubes are made from annealed 
ZircaIoy-2, with a wall thickness of 1.4 mm and an inside diameter of 129mm. 

If a crack develops in a pressure tube, the leak is detected by monitoring the moisture in the 
gas annulus and the reactor shutdown before becomes unstable. Because the delayed 
hydride cracking has been associated to date with all pressure tube failures at a rolled joints, 
the delayed hydride cracking is considered to be the dominant mecanism by which the flaws 
can grow to a size which exceeds the critical crack length. 

For the delayed hydride cracking failure mode leak-before-break is used as defense in depth 
against unstable rupture. The methodology depends on showing than the time available to 
detect a delayed hydride crack is much greater that the time required to detect it in the gas 
annulus. The time available is estimated from measurements of: (a) axial delayed hydride 
crack growth rates, (b) crack lengths at penetrations of the tube wail when leakage first 
occurs and (c) critical crack lengths at instability when a crack is growing by the delayed 
hydride cracking mechanism. A review of recent advances in the experimental data used in 
leak-before-break assessments are presented and discussed. 
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1.0 INTRODUCTION 

The CANDU reactor has a controlled atmosphere space surrounding each of its pressure 
tubes which is suitable monitored to detect leaks from the primary system. Thus if a crack 
develops in a pressure tube, penetrates the tube wall, is detected and located by fluid 
leakage and action taken before the crack becomes unstable, then Leak-Bebore-Break (LBB) 
has been achieved. The key elements are the ability to detect the leaking fluid and the time 
available to take action relative to the time to detect the leak. 

For cold-worked Zr-2.5Nb pressure tubes the two primary mechanims of stable crack growth 
are fatigue and delayed hydride cracking (DHC). Because the fatigue properties of irradiated 
Zr-2.5Nb indicate that failure by fatigue is less likely than failure by DHC, and because DHC 
has been associated with all pressure tube failures to date [1-3], DHC is considered to be the 
dominant mechanism by which the flaws can grow to size which exceeds the critical crack 
length (CCL). The conditions under which DHC can occur are summarizea in Reference [4]. 
For DHC failure mode LBB is used as defence in depth to avoid pressure tube rupture. 
The LBB methodology depends on showing than the time available to detect a delayed 
hydride crack is much greater that the time required to detect it in the gas annulus. 
information on LBB in CANDU pressure tubes was summarized in References [5-6]. The time 
available is estimated from measurements of: 

(a) the crack lengths at penetrations of the tube wall when leakage first occurs (L,), 
(b) the axial delayed hydride crack growth rates (V), 
(c) the CCL at instability when a crack is growing by the DHC mechanism. 

-For conservatism, the values of these parameters that have been used to date for LBB 
assessments have been the lower bound values for CCL and the upper bound values for V 
and Lp. The results of recents tests indicate that the use of the upper bound values for V 
obtained from the tests on the centre region of irradiated pressure tubes are overly 
conservative. These results are presented and discussed in this paper. 

2.0 THE CANDU REACTOR 

The CANDU reactor consists of a low pressure calandria tank filled with heavy water 
moderator at 70°C, that is penetrated by about 480 horizontal fuel channels each 6 m long, 
arranged in a regular lattice. Each channel consists of a pressure tube containing natural 
uranium fuel and heat transport heavy water at a pressure of about 10 MPa and at a 
temperature ranging from 2506C at the inlet end to 300°C at the oulet end. At each end, the 
pressure tube is connected to a stainless steel end fitting by a rolled joint. A thin calandria 
tube surrounds the pressure tube and the annular space between the tubes is filled with 
nitrogen or carbon dioxide and it is called gas annulus. The pressure tubes are fabricated 
from cold-worked Zr-2.5 Nb alloy, with a wall thickness of 4 mm and an inside diameter of 
103 mm, and the calandria tubes are made from annealed Zircaloy-2, with a wall thickness 
of 1.4 mm and an inside diameter of 129mm. 

3.0 LBB EXPERIENCE IN CANDU REACTORS 
In early CANDU reactors incorrect rolling produce excesive tensile residual stresses in the 
pressure tube. The hoop tensile stresses had high values over a length of 10mm on the inside 
surface. At some of the rolled joints in these early reactors, the total tensile hoop stresses 
were sufficiently large that a stable DHC initiated on the inside surface of the pressure tube 
that led eventually to detectable leakage of the primary heat transport water into the channel 
annulus. Heavy water leaked into the annuli of 24 channels in early CANDU reactors. The 
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leakage was detected, the reactors were shut down, the leaking tubes identified and replaced 
and the reactors returned to power. The experience demostrated that LBB was an effective 
defence against unstable cracking in CANDU presure tubes. 

Rolled joints in reactors constructed since 1978 have much lower tensile residual stress 
because of improved rolling procedures and better dimensional tolerances. So that, DHC in 
the new reactors couid only be initiated if there is a flaw that produced a sufficient stress 
concentration (in conjuntion with thermal cycles) such that the threshold stress for cracking 
was exceeded. There are, however, situations where through wall thermal gradients may 
prevent DHC in the radial direction while axial crack growth continues. Since LBB cannot be 
garanteed for such conditions, they must be prevented by design and installation practice. 

4.0 DELAYED HYDRIDE CRACKING, SMALL SPECIMENS RESULTS 

For DHC to occur in Zr-2.5Nb pressure tubes, the following must be presen+ at the same time: 

a) a large tensile stress to reorient and fracture the hydrides, 
b) a crack initiator, 
c) hydrides, the presence of which indicates that the hydrogen concentration is greater than 

the solubility limit of hydrogen in zirconium at the temperature of interest. 

Hydrogen accumulates at a stress raiser. If sufficient hydrogen is present hydrides form and 
if the stress is high enough the hydride fractures and the crack advances. The process is then 
repeated until the crack becomes unstable. The two main charateristic parameters of DHC 
are the crack velocity, V, and a threshold loading below which cracks do not grow; with sharp 
cracks at moderate loads, linear elastic fracture mechanics is used, and the thresshold stress 
intensity factor is called K,H. 

The factors that affect DHC were expected to be irradiation fluence, irrad:ation temperature, 
test temperature and direction of testing on the normal plane to the transverse direction. Two 
types of small specimens were prepared from tubes: cantilever beam specimens (CB) and 
curved compact toughness (CCT) specimens. Crack velocity of DHC is sensitive to the 
temperature history; the maximun value of V is attained by cooling to the test temperature 
from above the solvus temperature of hydrogen in zirconium [7]. Thus a standard procedure 
for measuring V has been developed [8]. To minimize annealing of irradiation damage, the 
maximum peak temperature in irradiated material should not be greater than the irradiation 
temperature plus 10°C. The load can be applied either at the end of high temperature soak, 
or after attaining the test temperature. CB specimens were loaded in bending and cracking 
was detected by acoustic emission [9]. CCT specimens were dead weight loaded in tension 
in a creep frame and cracking was monitored by a direct current potential drop method [10]. 
The cracks were grown from about 0.5 to 2.0 mm. Crack velocity was derived from the 
average crack depth divided by the time over which steady craking occurred. Crack depth 
was defined as the area of DHC, delineated by heat tinting, divided by the specimen 
thickness. 

In the literature, two methods of determining K,«, have been described as follows: 

a) a number of specimens are loaded to different K and incubation times for tracking are 
measured; K,H is estimated by a projection to infinite time [11]. Measuring K „ using this 
technique takes several years, but provides realistic values. 

b) one specimen only is used and K,H is measured over a relatively short period of time by 
either incresing the load until cracking starts or decreasing the load until cracking ceases 
[9.12], 
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The method that has been standardized on for quick comparisons is based on decreasing 
the load. After the standard temperature cycie, the specimen is loaded to 17 MPavm. Once 
cracking is initiated, the K, is reduced 2% per 5/im of crack growth, derived from the 
calibration of the acoustic emission through an automatic feedback system [9]. The load is 
reduced until acoustic emission stopped and no further indications are obtained for a least 
24 h. K,H is derived from this final load and the average crack depth. 

The effect of irradiation fluence was studied on specimens prepared from the rolled joints 
(R/J) and main body regions of pressure tubes removed from power reactors, and on 
specimens from end-of-life irradiations. DHC velocities in both the radialjand axial directions 
were determined as a function of fluence. In the R/J region the crack velocity increased 
rapidly with fluence, Fig. 1. in the specimens from the main body of pressure tubes, the crack 
velocity was 3 to 5 times higher than that of unirradiated material and was found to be 
independent of fluence. These observations suggest that the effect of irradiation saturates 
at about 1X1025 n/m2 [8]. 

In CANDU reactors the temperature along the channel increases from about 250°C at the inlet 
end to about 290 - 300°C at the oulet end. As shown in Fig. 1, the crack velocities are higher 
at the inlet end than at the oulet end. The velocity drops off sharply towards the R/Js and 
decreases gently from the inlet end towards the oulet end. The results are obtained on 45 
pressurelubes and the scatter includes tube-to-tube variability. 

Crack velocities were also measured, in both the radial and axial directions. The temperature 
dependence of the crack velocity followed an Arrhenius relationship. Fig. 2 shows the 
temperature dependence of the axial crack velocity [8]. The least square analysis gave the 
following expression for the mean V, in m/s: 

VA = 4.02x10* exp(-43/RT) (1) 

where: R = 8,314x10"3 kJ/mol y T is the absolute temperature; with 95% confidence limits 
equal to a factor of ± 2.3 from the mean. 

The results showed that the temperature dependence of V in the axial direction is smaller than 
that in the radial direction. At low temperature V A) Vp but at about 300°C both velocities have 
about the same value [8]. 

For the purpose of LBB evaluation at R/Js, it is recommended that the upper bound 
crack velocities obtained on specimens removed from the R/J region be used. Assuming 
the same temperature dependence of the axial crack velocity as in the main data base, the 
upper bound crack velocity at R/Js can be expressed as: 

V A W J ) » 2.24x10"3 exp(-43/RT) (m/s) (2) 

For the inlet R/Js that operate at 250°C, the upper bound crack velocity is 1.1x10*7 m/s, 
anf for outlet R/Js at 300*C, the upper bound crack velocity is 2.5x10'7 m/s [6]. 

The threshold stress intensity factor, K,M, was measured using the load reducing method on 
several tubes removed from reactors and on their offcuts. The results showed a small 
decrease in K,c as the fluence increased to about 1X1025 n/m2, but no decrease in K^ was 
observed with further increase in fluence. The average K,M in the offcuts was 7.5±1.3 MPa\/m 
and in the irradiated material it was 6.2±0.9 MPv'm at the 95% confidence level. Within the 
temperature range of 140 to 250*C, K,M remained constant [8]. 
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5.0 DELAYED HYDRIDE CRACKING, LARGE SCALE TESTING 

The main features of the CRACLE (Chalk River Active Channel Leak Evaluation) facility have 
been described elsewere [13]. A 450 mm long section of pressure tube and its irradrted R/J 
is attached to a source of hot pressurized water, supplied by the X-5 loop in the NRX reactor 
at Chalk River Laboratories. The water was presurized to between 5.8 and 10.3 MPa and 
mantained at CANDU chemistry. If a natural flaw was absent, a deliberate flaw, 1-2 mm deep 
and 3-6 mm long was spark machining on the inside surface of the pressure tube at the high 
stress zone of the rolled joint. The pressure tube was surrounded by a water-cooled jacket 
to simulate the temperature conditions imposed by the calandria tube. For protection, the test 
section was contained in a water-cooled steel pressure vessel, which in turn, was surrounded 
by a layer of lead to absorb gamma radiation. The crack length was measured semi-
continuosly by eddy current probes in-situ. and at intervals, during shut downs, by 
ultrasonics. The following quantities are measured in the experiment: L,, V, CCL, and leak 
rates. Several R/Js have been testd over the last few years [13]. 

The latest test was done in 1991 on a R/J removed from Pickering Unit 4 fuel channel L20 
(P4L20) after 111,900 equivalent full power bot&s. A deliberate flaw 1.3 mm deep and 3.3 mm 
long was spark machined on the inside surface of the tube at the R/J burnish mark [6]. The 
program involved a series of tests, as shown in Fig. 3. The crack was first grown through the 
pressure tube wall by a thermal cycle from 250 to 210°C, and then in was grown axially until 
burst. The crack grew to about 90 mm before it became unstable. The crack velocity 
appeared to be decreasing until a crack length of about 35 mm. This decrease in crack 
velocity was caused by two factors: a) the metal around the crack tip was cooled by the 
leaking water flashing to steam as it exited the crack, b) the hydrogen concentration 
decreased along -the specimen. For crack lengths higher than 35 mm, the average crack 
velocity increased followed by bursting of the tube at a CCL of about 90 mm. These results 
suggest that for a significantly part of the crack growth the velocity is expected to be below 
that measured in small specimens, Fig. 4, [6]. 

From Fig. 4, the crack velocity in the P4L20 R/J, at 250°C, varied from about 3.2x10"9 to 
1.1x10"7 m/s. Previous experiments in CRACLE [13] have shown that the crack velocity 
appears to be independent of coolant temperature in the range from 250 to 290°C. Adopting 
the upper bound crack velocities for use in LBB evaluation, the crack velocity in a 
leaking crack at both inlet and ouiet R/Js then is 1.1x10'7 m/s [6]. 

6.0 THE TIME AVAILABLE BEFORE REACHING CCL 

To assure LBB in pressure tubes it is required that: 

a) the Lp is less than CCL for unstable propagation, 
b) the leak is detected, 

c) action is taken before the crack length exceeds the CCL. 

The questions that the reactor operators need answering are: 

a) how much time is available to detect the leak and to take action? 
b) how much time is required to detect the leak? 
The minimum time available before reaching CCL can be estimated from a single model for 
crack growth in a pressure tube close to a R/J. In the cold-worked Zr-2.5Nb pressure tubes, 
cracks tend to grow about twice as fast axially as radially. After penetration, if the crack 
continues to grow in both directions axially, the amount of crack growth that can occur in 
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each direction before CCL is reached is 0.5{CCL - L,) [5]. The study of the oxide markins in 
cracks that leaked in Pickering Units 3 and 4 in the >rwd 1970's shows that L, is about 4 times 
de pressure tube wall thickness. W, [4]. In a R/J the situation is more complicated. After a 
certain amount of crack growth, the outboard end of the crack is influenced by the 
compressive stress at the R/J and the crack outwards slows down and may eventually stop. 
The crack length when this arrest of the outward growth occurs is CR. Crack growth in the 
inboard direction continues, assuming that hydrides are present at the crack tip, and the 
operators must detect the teak before the crack length reaches the CCL The model, as 
shown in Fig. 5, can be used to calculate the minimum time, t, for a crack to reach CCL, 
assuming the operators do not take any action, as follows: 

t = (2 CCL - Lp - CR) / 2V (3) 

The values for CCL are based on slit burst tests on 500 mm sections of irradiated pressure 
tubes, and on fracture tests on small compact toughness specimens from .rradiated material. 
The latter are know to be conservative at operating temperature, and the data from the 
slit burst tests in Fig. 6 have been used to obtain values for CCL at the inlet and outlet 
R/Js [6]. The lower bound curve for the data at operating stresses for the inlet and oulet R/Js 
ends (154.4 and 144.8 MPa respectively) gives CCL values of 61 mm and 65 mm at operating 
temperature. The value of L, is assumed to be 16 mm and CR is assumed to be 22jrim (from 
a study of cracks removed from Pickering A). The value of the crack velocity, 1.1x10'7 m/s, 
for the R/Js areas was given in Section 5.0. The use of these values in Equation (3) results 
in the times given in the Table 1 [6] needed to reach CCL after the start of leaking: 

Tube 
End 

Velocity 
Data 

Velocity 
(m/s) 

CCL 
(mm) 

Time to reach 
CCL (h) 

"Inlet Previous : 4 X 1 0 " 7 61 29 

New 2 1.1 x10' 7 61 106 

Oulet Previous 1 6 x W7 65 21 

New 2 1.1 X10 7 65 116 

1 Based on upper bound data from centre of tube. 
2 Based on upper bound R/J data. 

Table 1. Effect of crack velocity on time to reach CCL 

The time available before reaching the CCL is increased by a factor of a least 3.6 using 
the new velocity data. 

7.0 THE TIME REQUIRED TO DETECT A LEAK 

The annulus gas system (AGS) has been developed into a system sensitive to the presence 
of moisture resulting from the penetration of the primary heat transport pressure boundary. 
The AGS is a closed recirculation loop, with headers and intermediate tubing connections, 
that ensures a uniform flow through each annulus [5]. In recent CANDU reactors up to 11 
channel annuli may be connected in series between of headers. Compressors are used to 
recirculate COs through the system, which is operated at a pressure of 70kPa(g) and a dew 
point (DP) range of -30°C to 0*C in Bruce A and -40°C to -18°C in Pickering A. The DP shows 
a gradual increase due to the production of moisture by the oxidation of deuterium. The 
deuterium and the D20 are removed from the AGS by periodic purging to a low DP. The AGS 
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is instrumented outside containment with OP indicators, beetles, sight giasses and coid finger 
traps. The DP indicators are Alj0 2 hygrometers calibrated for D20 in C0 2; beetles make use 
of the limited conductivity of D20 between electrodes to detect the presence of liquid water 
sight glasses are used to indicate the string of channels in which the leak is located and cold 
finger traps are used to obtain moisture samples to establish the source of the D20. When a 
leak occurs its presence is revealed by the following [5]: 

a) the DP incrases, 
b) the rate of dew point increase, d(DP)/dt, is much faster than that expected from deuterium 

ingress and water formation, 
c) when the DP exceeds a specified value or the d(DP)/dt exceeds a specified value the DP 

alarms are triggered, 
d) at later times, the bettles alarms will confirm the presence of liquid water. 

The response times of the AGS at Pickering A have included calibrated D20 additions of 10g/h 
at an initial DP of -40*C (about 1% of the the leak rates measured from cracks in irradiated 
pressure tubes in laboratory tests). The d(DP)/dt went through a maximum value greater than 
30°C/h in less than 1 h after the start of the D20 addition. The operator has to take action 
if the d(DP)/dt exceeds 7°C/h [5]. Beetles alarms respond more slowly that DP monitors. 
Additions of D20 at a rate of 2.3kg/h at an initial DP of -40°C cause beetle alarm to 
indicate a leak in less than 1 h [5]. The results of the experiments carried out on the AGS 
response to small leaks showed that small leaks of a few gramos of water per hour can be 
detected in a few hours from the onset of leakage. The time required for this detection is 
much less than the time available for a crack to grow to its CCL 

8.0 IMPROVED MARGIN IN LBB 

It is expected that the current research programs will result in an increase in CCL, a decrease 
in V and a decrease in detection time and hence will further increase the margins in LBB. 
The CCL depends on the fracture toughness. Fracture toughness may be decrease by 
hydrogen thus it is having another incentive to keep the concentration of hydrogen low 
[14] and it is now specified at 5 ppm maximum in new tubes. Fracture toughness is also 
reduced by neutron irradiation [15]. The results has a large scatter that has been atributed 
to the presence of the trace elements such as carbon, chlorine, oxygen, phosphorus and of 
course, hydrogen [14,16]. Mantaining the chlorine concentration to very low values by 
multiple melting mantains the fracture toughness at a very high values, i.e. dJ/da = 400 
Mpa. Such material is now specified for new tubes. The Table 2 gives the element changes 
[ppm(wt)] as defined by the pressure tube specification in 1982 and in 1992 [16]: 

ELEMENT 1982 1992 

C 270 max 125 max 
CI not covered 0.5 max 
P not covered 10 max 
0 900-1300 1000-1300 
H 25 max* 5 max* 

' Finished tube Table 2. Element changes (ppm(wt)] 

DHC is controlled by crystallographic texture and it can be exploited to reduce the 
susceptibility of Zr-2.5Nb to DHC [17]. Fabrication routes are being sought to minimize the 
number of basal plane normals in the transverse direction to increase the value of the 
threshold stress intensity factor,K,H, and decrease the crack velocity of DHC. 
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FIGURE 3 SCHEMATIC DIAGRAM OF THE CRACLE TEST PERFORMED ON THE 
P4L20 INLET ROLLED JOINT, tt*. ££J. 
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FIGURE 4 COMPARISON BETWEEN THE CRACK VELOCITIES FOR TESTS USING 
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Figure 5 Schematic to show crack dimensions when crack growth in outboard direction is stopped 
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