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Abstract

The cause of the unstable fracture of a Zircaloy-2
pressure tube in the core of a CANDU reactor is
reviewed. Failure was associated with the presence
of brittle zones of zirconium hydride which developed
as a result of thermal gradient induced hydrogen dif-
fusion. Unstable fracture occurred when the partial
thickness crack reached an unstable length and the
crack ran 2 meters along the tube and terminated by
circumferential tearing.

The partial thickness defect initiated and propa-
gated to an unstable length by delayed hydride crack-
ing. In zirconium alloys the velocity of delayed hydride
cracking is high compared to fatigue progression and
increases exponentially with temperature. But the
mechanism can only occur when solid hydride is pre-
sent and critical thresholds of stress and stress; inten-
sity have been exceeded. Delayed hydride cracking
can be prevented by reducing residual stresses to a
minimum and by high standards of non-destructive
testing that ensures freedom from unacceptable
defects.

CANDU safety philosophy accepts failure of a
pressure tube but a first line of defense remains the
ability to detect leaks from cracks within a short time
of pressure tube wall penetration. Future prevention
of fast fracture is based upon the inspection of a
limited number of fuel channels for the presence of
defects and for conditions which can cause hydride
build-up together with the periodic removal of
Zr-2.5wt% Nb tubes to monitor their condition.
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Resume

Examinons la cause de la rupture instable d'un tube
de force en zircaloy-2 dans le coeur d'un reacteur
CANDU. On I' associee a la presence cle zones
fragiles d'hydrure de zirconium formees par suite
d'une diffusion de I'hydrogene induite par gradient
thermique. Cette rupture instable s'est produite lors-
que la fissure d'epaisseur partielle a atteint une
longueur instable; elle s'6tendait sur deux metres, le
long du tube, et se terminait en une dechirure
crconferentielle.

Le defaut d'epaisseur partielle a ete provoque, puis
s'est progage sur une longueur instable par fissura-
tion differee. Dans un alliage de zirconium, la Vitesse
de la fissuration differee est elevee, si on la compare
a la progression de la fatigue; elle augmente de facon
exponentielle avec la temperature. Toutefois, ce
mecanisme ne se produira qu'en presence d'hydrure
solide et si les seuiis critiques de contrainte et I'in-
tensite de contrainte sont depasses. On peut
empecher la fissuration differee en reduisant les con-
traintes residuelles au minimum et par des essais non
destructifs rigoureux qui empechent la formation de
d^fauts inacceptables.

La politique de securite du CANDU tolere la rup-
ture d'un tube de force, mais la premiere ligne de
defense demeure la capacite de detecter les fuites
causees par les fissures peu de temps apres avoir
traverse la paroi d'un tube de force. Dans I'avenir, la
base de la prevention des ruptures rapides sera con-
stituee par I'inspection d'un nombre limite de canaux
c*e combustible, afin d'y deceler les defauts possibles
et les conditions qui peuvent amener une accumula-
tion d'hydrure, ainsi que par le retrait periodique des
tubes formes d'un alliage Zn - 2,5 Nb, afin de
surveiller leur etat.
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INTRODUCTION

THE UNSTABLE CRACKING of a Zlrcaloy-2
pressure tube in the Pickering Unit 2
reactor in August of 1983 set In place an
intense investigation to determine the
cause and i m p l i c a t i o n s ^ 2 . This
i n v e s t i g a t i o n concluded t h a t the
Zircaloy-2 pressure tubes had absorbed
more hydrogen (as deuterium) through
corrosion than had been predicted and had
become susceptible to failure through the
development of hard b r i t t l e zones of
zirconium hydride. These hard zones had
been produced by thermal gradienC induced
d i f f u s i o n of hydrogen due to the
displacement of a tube support spacer
which allowed the hot pressure tube to
contact the surrounding cold calandrla
tube. The reactor together with Unit 1,
were taken out of service and are being
r e t u b e d wi th p r e s s u r e t u b e s of
Zr-2.5 w« Nb, an al loy which has
demonstrated to absorb much less of the
corrosion hydrogen than Zircaloy-2.

The implications of the failure to
current CANDU reactors, a l l of which use
the Zr-2.5 wtZ Nb alloy in pressure tubes
is described in this paper.

THE REACTOR

The CANDU reactor differs in three
general ways from pressure vessel
reactors. First, the short bundles of
natural uranium fuel are contained within

hundreds of horizontal pressurized fuel
channels with the heat extracted from the
fuel by primary system heavy water
passing along the channels and through
the bundles. Second, heavy water to
moderate the fast nei'tron energies to
useful levels surrounds the pressure tube
but Is insulated from it by a concentric
thin-walled zirconium alloy calandria
tube. The moderator heavy water is at
low temperature (65"C) and pressure and
circulated in a separate circuit from the
primary circuit. Third, the fuel is
Inserted into the pressure tubes and
removed while the reactor is at power by
fuelling machines at each end of the
reactor.

The fuel channels (Figure 1) are
comprised of four main components: the
end fittings; the pressure tubes; the
calandria tubes and the annulus spacers.
Stainless steel (AISI Type 403) end
fittings at each end of the channel
contain the removeable seals at the
outboard ends for automatic refuelling.
Side ports on the end fittings have
connections to carbon steel feeders. The
pressure tubes of zirconium alloy in the
cold worked condition are rolled into the
Inboard end of each end fitting to form a
leak-tight joint. The calandria tube, a
thin (1.37 mm) walled Zircaloy-2 tube, is
concentric with the pressure tube with
the space or annulus between them filled

Figure 1: Simplified diagram of fuel channel



with CO2 gas at a pressure just above
atmospheric. The calandria tube as well
as insulating the pressure tube from the
cold moderator, supports the pressure
tube against sag through the fourth
component, the zirconium alloy or Inconel
X75O annulus spacers in the form of
garter springs, which allow relative
movement of the pressure tube with
respect to the r.alandria tube.

The component exposed to the most
severe environment is the pressure tube.
This environment consists of heavy water
at high pressure (11 MPa) and high
temperature (250 - 310°C), a neutron flux
of 2-3 x 10 1 7 n/m2, and wear from fuel
bundle sliding. Zirconium based alloys

are necessary for the pressure tubes and
calandria tubes since zirconium is one of
a small number of elements that have a low
enough neutron capture cross-section to
enable the use of natural uranium fuel.
Zirconium alloys also have good corrosion
resistance and strength and are ths
optiraium material for this function. The
fuel channels are designed to last 30
years and be replaceable.

The pressure tubes corrode at a slow
rate in the heavy water environment; are
strengthened from the neutron fluence and
undergo dimensional change from creep and
growth. While metal loss from corrosion
is not significant, the hydrogen (in the
form of deuterium) absorbed by the metal
during the corrosion reaction can decrease
the ductility and make the alloy subject
to hydrogen related cracking mechanisms.
The rate at which the pressure tube
absorbs deuterium can thus determine its
life. Integrity of the pressure tubes is
achieved by optimizing chemistry of the
primary heat transport heavy water to
limit deuterium uptake; by tight process
control on all aspects of manufacture and
by rigorous inspection procedures to
achieve an extremely low incidence of
d e f e c t s . A s s e m b l y t e c h n i q u e s ,
particularly in the rolled joint region,
have been developed to produce rolled
joints with low residual stress that have
proven very reliable.

FUEL CHANNEL SAFETY CONSIDERATIONS

Pressure tube failure scenarios and
the logic to cope with them are an
essential part of CANDU licensing
documentation. The most drastic case
assumes that both the pressure tube and
the calandria tube will fail. Under such
conditions, a number of safety systems can
automatically be energized to shutdown the
reactor, keep the fuel cool and prevent
fuel sheath rupture.

Prior to 1983 the anticipated failure
mechanisms for pressure tubes were all
thought to conform to leak-before-break
behaviour. Such behaviour had been
observed in pressure tube cracks at
rolled joints as described in the next
section. The dew point of the gas
annulus is monitored and any abnormal
rate of increase is investigated which
may require collection of samples on cold
fingers. The collection of any primary
system heavy water initiates an
evaluation that could lead to a reactor
shutdown to determine the location of the
leak. A leak is assumed to be a crack
that grows at a "elocity equivalent to
the most rapid cracking mechanism in
zirconium alloys, that is delayed hydride
cracking, and the reactor is shutdown
befcre the crack can grow to a critical
size for instability. Thus the
leak-before-break scenario provided a
"defense-in-depth" which limits the
consequences of a leak to the channel
replacement.

In the unstable fracture of the
pressure tube on 1983 August 1, failure
occurred without prior leakage. However
failure occurred without rupture of the
calandria tube and because of the
specific characteristics of the fuel
channel design, the flow of primary
system heavy water out of the channel was
limited by the annular clearance around
the bearings at either end of the
channel. Thus the primary system
inventory was not substantially depleted
during the incident, as reserve tanks of
heavy water supplied the deficit until
the discharged heavy water could be
collected in sufficient quantities in the
sump below the reactor and returned to
the circuit. The fuel in the failed tube
was always surrounded by heavy water
during the incident and the fuel sheath-
ing did not overheat or rupture.

The described scenario had been
anticipated in safety logic with the
result that the correct functioning of
all systems and well-trained operators
shutdown the reactor with normal
procedures without invoking emergency
safety systems. No radiation emissions
occurred to the environment and within a
short time workers could enter the
reactor building to assess the situation
and locate the failed channel.

INSTANCES OF CRACKING IN PRESSURE
TUBES LEADING TO LEAKAGE

Twenty-three Zr-2.5 wt% Nb pressure
tubes have been removed from CANDU PHW
reactors because they were leaking primary



system heavy water coolant into the gas
annulus. However the problem causing the
leaks was found to be present in a number
of other tubes and a total of seventy-
three tubes have been removed.3 The first
instance was in Pickering Unit 3 in 1974
when 17 tubes were replaced.'* In 1975 52
pressure tubes were replaced in Pickering
Unit 4; in 1982 three pressure tubes were
replaced in Bruce Unit 2 and in 1985, one
pressure tube was replaced in Pickering
Unit 3. All these tubes developed cracks
near to the rolled joints.

ROLLS NOT EXTENDED BEYOND | ROLLS EXTENDED |
TAPER (GOOD JOINT ] | BEYOND TAPER

1 I POOR JOINT |

PRESSURE TUBE

srrrrf/l
RADIAL CIRCUMFEPE ^

/HYDRIDE HYDRIDE

ENDS OF THROUGH WALL CRACK ) POOR JOINT

Figure 2: Development of residual stress in rolled
joints due to overextended rolling and the subsequent
pattern of cracking

When the Zr-2.5 ytZ Nb pressure tubes
were installed in Pickering Units 3 and 4,
and in Bruce Units 1 and 2 the rolled
joints were made using an incorrect
procedure. The rolls were extended too
far inboard which flared the tubes and
introduced high residual tensile stresses,
Figure 2- At the inside surface of the
tubes, at positions of high stress, cracks
initiated by a mechanism called delayed
hydride cracking. These cracks initiated
at small surface imperfections and grew
through the tube wall. They were
semi-elliptical in shape and 15-20 mm
long, Figure 3. The leakage of heavy

water into the gas annulus was detected,
and the pressure tubes replaced. Examina-
tion of the cracks revealed the cause of
the cracking. Since the rolled joints in
Bruce Units 1 and 2 had already been made
using the same procedure, equipment was
developed to heat a small zone in the
tubes and reduce the residual stresses
without affecting the leak tightness of
the rolled joint. Three tubes in Bruce
Unit 2 developed leaks in 1982 and
examination revealed that the cracks had
initiated and grown sufficiently large
before the tubes were stress relieved that
they were able to continue to grow under
the reduced stresses. The cracks took
much longer to grow through the wall
because of the lower stresses and
differences in the operation of the
reactors. The long exposure to hoc
coolant oxidized the crack surfaces. This
reduced the leak rate and before the
leaking channels were identified the
cracks had grown to about 30 mm,
Figure 4. The crack in Pickering Unit 3
in 1985 had initiated at the same time as
those found in 1974 but took much longer
to grow through the wall and it lii.d a
similar shape and n=ngth as the cracks in
Bruce Unit 2.

Figure 3: Example of decayed hydride crack from
Pickering Unit 4 showing crack progress on an elliptical
crack front

These cracks had all initiated at
small surface imperfections as a result
of the extremely high residual tensile
stresses. The rolling procedure
developed a wide range of residual
stresses but only the tubes with stresses
above a critical value developed cracks.
In all 73 tubes the cracks grew in a
stable manner.

UNSTABLE FRACTURE OF A PRESSURE TUBE

The one case of unstable fracture in
a pressure tube was in a Zircaloy-2 tube
in Pickering Unit 2 in 1983. The
corrosion or oxidation of the inside
surface of the pressure tube by the heavy
water releases deuterium and a proportion
is absorbed by the pressure tube. In
Zr-2.5 wtX Nb the proportion is only
about 5% but in Z i r c a l o y - 2 we
subsequently found it can be up to 80%.
After 12 years reactor operation the



Figure 4: Delayed hydrde crack in Bruce Unit 2. Crack progression continued after penetration until the
crack was nearly 30 m m long

deuterium concentration of some of the
ZLrcaloy-2 pressure tubes in Pickering
Units 1 and 2 was as high as 320 ppm.
The early reactors had two garter spring
spacers per channel which were a loose
fit on the outsidf: of the pressure tube.
Although the spacers were positioned
correctly when they were installed,
vibration during reactor construction
moved some of them. This allowed the
pressure tubes to sag and contact the
calandria tubes and produce thermal
gradients in bath tubes, Figure 5. In
zirconium alloys hydrogen and deuterium
diffuse down a thermal gradient. The
thermal gradient in the Zircaloy-2
pressure tubej concentrated the deuterium

.. the cool points of contact. Since the
deuterium concentration of the tubes was
high, zones of zirconium hydride which
were up to 5 mm in diameter, (Figure 6)
formed on the outside surface of the tube.
These zones were up to 1.3 mm deep,
Figure 7. They were called hydride
blisters because of their appearance on
the outside of the tubes. Zirconium
hydride is brittle and the blisters
usually contained cracks. One of the
spacers in fuel channel G-16 in Pickering
Unit 2 was about 1 m out of position and
there was a row of 14 blisters at the
points of contact. Cracks initiated at
several of these blisters and propagated
by delayed hydride cracking to link up and
form a partial through wall crack. When

this crack was about 100 mm long it became
unstable and propagated rapidly to about
2 m in length.

Figure 5: Temperature isotherms resulting from
contact of a pressure tube with a calandria tube

Figure 7: Cross-section of hydride blister showing the
blister profile and the depletion of hydride near the
inside surface

Figure 6: Hydride blisters on the outside surface of failed tube. The crack passed throur', most blisters
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CHARACTERISTICS OF DELAYED
CRACKING

HYDRIDE

Metals chat form brittle hydrides
(Zr,Ti,Nb,V) can fail by delayed hydride
cracking. The mechanism requires hydrogen
to diffuse up a stress gradient and
accumulate at a stress concentration where
hydrides precipitate .-> If the stress is
large enough the hydrides crack and the
sequence is then repeated. Thus the crack
progresses in a series of steps. Hydrides
must be present for cracking to occur and
the important parameters are stress, flaw
size and time. In zirconium alloys, crack
velocity is relatively insensitive to
stress intensity factor, Figure 8, but is
sensitive to temperature and the direction
of approach to temperature, Figure 9.
Cracking is also sensitive to alloy
c o n t e n t , m i c r o s t r u c t u r e a n d
crystallograph.ic texture.

When zirconium alloy pressure tubes
are made they contain less than 15 ppm
hydrogen. At reactor operating
temperatures (25O°C inlet, 300°C outlet)
the terminal solid solubility (TSS) of
hydrogen is 30 and 60 ppm respectively.
Therefore, initially delayed hydride
cracking can only occur when the reactors
are cold. This was the case in Pickering,
Units 3 and 4 in 1974/1975. During
service the deuterium concentration
increases, particularly in the Zircaloy-2
pressure tubes and when TSS is exceeded
cracking can occur during reactor
operation or hot shutdowns. This
occurred in Bruce, Unit 2 in 1982 and
Pickering, Unit 3 in 1985.

In Zr-2.5 wt% Nb pressure tubes the
preferred cracking plane Is radial-axial
and because of the microstructure the
crack velocity in the axial direction Is
twice that in the radial direction.
Hence the cracks in the Zr-2.5 wt% Nb
pressure tubes near the rolled joints had
grown in a semi-elliptical shape when
they penetrated the wall. The cracks
then propagated in a stable manner in the
axial direction. Crack growth towards
the end fitting was limited by
compressive stresses in the rolled joint.
Crack growth away from the end fitting
and crack shape was affected by the
distribution of residual stresses and
also by temperature gradients caused by
the heavy water leaking through the
crack.

log
crack

velocity
Stable crack growth

Wo crack
growth

Stress intensity factor (K|)

Figure 8: Effect of stress intensity on delayed hydride
crack velocity

10-6

10-7 "

10-8 -

Temperature-K

600 550 500 450 500

Crack
velocity

m/s

10-9 "

10-10 -

10-12

In the Zircaloy-2 pressure tube in
channel G-16, the temperature gradient
through the wall caused a gradient in
deuterium concentration through the wall.
Consequently the cracks could not

Figure 9: Delayed hydride cracking velocity vs
temperature showing the effect of approaching the
holding temperature from above (full circles) or below
(open points)



propagate .-ill the way Lc the inside
surface of the tube because the deuterium
concentration there was too low. The
cracks propagated ^ixially am; did no',
penetrate the wall until the final
unstable rupture.

IMPLICATIONS OF A FAILURE MODE
INVOLVING DELAYED HYDRIDE CRACKINC

The type of delayed hydride crack
that must be contended with are those
that:

(a) Tend to be initiated early in life
as the result of localized high
stresses. The stresses decrease
during service by stress relief and
eventually are not capable of
initiating cracks.

(b) Cracks which originate at material
defects or dormant cracks (see (a))
which are activated by the increase
in hydrogen content that occurs
during service.

(c) Cracks which are initiated when
large hydride blisters develop.
These may be formed after contact of
a sufficiently hydrided pressure tube
with the calandria tube.

Both (a) and (b) are processes that
are amenable to leak-before-break analysis
and the time available to shutdown after a
leak has been detected, must be shorter
than the time it takes for a crack to grow
to a critical size. The data in Figures 9
and 10 can be used for the calculation of
time to shutdown together with the
observation that cracks penetrate the tube
wall with a length approximately four
times the wall thickness due to the
velocity of delayed hydride cracking in
the axial direction being twice the
velocity in the radial direction.
Monitoring to detect moisture in the
annulus gas is thus the first procedure to
prevent stable cracks growing to an
unstable size. Cracks to date have
occurred at rolled joint regions and tests
on rolled joints show the unstable c>-ack
length is very long (greater than
100 mm).

For the prevention of unstable cracks
from cause (c) the solution is more
complex. We know that the sequence of
events that led to unstable failure of the
Zircaloy-2 pressure tube was as follows:

(1) Displacement of the spacer
(2) Creep sag of the pressure tube
(3) Contact of the pressure tube and the

calandria tube, and setting up a
temperature gradient.

(4) Growth of hvdrlde blisters, coinci-
dent wi Lh the Increase in hydrogen
concentration to above a critical
level for the: contact therma 1 resist-
ance.

(5) Cracking of blisters
(fS) Initiation and growth of a crack to a

c ri t ica1 size .

Failure
stress
MPa
700 |- Mean value

600

500

400

300

200

100 Lower 95% confidence limit

_J I I I L _I [_
0 10 20 30 40 50 60 70 80 90 100

Critical crack length, mm

Figure 10: The relationship between stress and
unstable through-wall crack length at 573 K (300°C)

The interruption of any step in this
sequence will prevent unstable failure
occurring. Where this sequence is
interrupted depends on the particular
reactor. Because of the variety of
reactor conditions, the rationale to
reduce the possibility of failure depends
on three co-ordinated programs.

The monitoring of pressure tube
condition by periodic removal of
selected tubes by Ontario Hydro.

Establishing the consequences of
contact from the parameters of
blister growth and crack initiation
derived from R & D programs.

Separation of contacting or nearly
contacting pressure and calandria
tubes.

MONITORING OF TUBE CONDITION -
Removal of tubes at regular intervals
from power reactors has been accepted by
Ontario Hydro as a necessary interim
program to establish the increase in
hydrogen concentration with time. By
taking out pressure tubes which
inspection has shown to be in contact,
the quantity of hydride accumulation can
be established and correlated to
predictions. The results of this program
to-date have been very encouraging. The
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corrosion of Zr-2.5% Nb is proceeding at
the predicted rate (Figure 11) with no
ev idence of a c c e l e r a t i o n and the
deuterium absorbed into the tube remains
low. In Zircaloy-2 acceleration of both
corrosion and hydrogen pick up occurred
after 6-10 effective full power years
serv ice (Figure 12) . Areas of the
Zr-2.5wt% Nb tube c o n t a c t i n g the
ca landr ia tube show no evidence of
massive hydride precipitation near the
c o n t a c t r e g i o n . The h y d r o g e n
concent ra t ion i s too low to cause
prec ip i a t ton at the temperatures
developed by contact. Thus the tube
condition has not proceeded beyond step 3
of the described sequence.

00
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Oxide
^ ^ ; 5C:-A-^- -
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Figure 11: Corrosion and hydrc^- .cK-up
Zr-2.5 wt% Nb pressure tubes
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ESTABLISHING THE PARAMETERS OF
BUSTER GROWTH AND CRACKING INITIATION - A
large program has been initiated by
Ontario Hydro and Atomic Energy of Canada
Limited to establish how blisters grow and
crack and the conditions that lead to
crack initiation and growth. The models
of blister growth are showing satisfactory
correlation with experiment and field
observation.

This program is important in assess-
ing the condition of the four reactors
which only have two spacers per channel.
A spacer relocation operation in these
reactors would provide a limited increase
in time to tube contact because of the
creep sag that has already occurred.
However, these reactors are ones in which
the pressure tubes will elongate by
irradiation induced growth to a length
exceeding their bearing travel before the
end of design life. The need to retube
these reactors within the next 10 years is
highly probable for the latter reason and
the need to do so any earlier will be
established by the monitoring program.

Tests have shown that calandria tube
failure is unlikely after pressure tube
failure because damping of the pressure
pulse by the thin-walled calandria tube
reduces the peak stresses. This result
which agrees with the reactor experience,
indicates that pressure tube failure,
undesirable as it is, is an event which
can be handled, in a relatively
straightforward manner.

Approximate operating time (years)
10 20

300 co

250 i T
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200 o «
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• a "

100 c~
• ;
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Effective full power days (EFFD)

Figure 12: Corrosion and hydrogen pick-up in
Zircaloy-2 pressure tubes

SEPARATION OF CONTACTING TUBES - The
expertise to relocate the spacers in
operating reactors is being developed.
This has already been done in reactors
under construction by a combination of
electromagnetic and flexural vibration
techniques to move spacers back into their
design position without removing the
pressure tubes. The technology for doing
this operation on active reactors is more
complex but development is proceeding at a
pace which should allow trial operations
in 1986.

A change in the design of channel
spacers was made for reactors under
construction but which did not have the
pressure tubes installed (Figure 13).
These new spacers have been shown to
remain in their design positions under a
wide variety of vibration conditions
including those found in reactor
service.
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GIRDLE WJRE (WELDED)

Figure 13: The two designs of pressure tube to calandria tube spacer

CONCLUSIONS

The unstable failure of a pressure
tube has necessitated the revision of
operating practice so that:

(1) The condition of the pressure tubes
must be known from a monitoring
program of tube removal and
destructive examination on lead
reactors.

(2) The detection of leaks by moisture
detection in the annulus remains the
most suitable line of defense
against stable cracks becoming
unstable.

(3) The condition of the Zr-2.5 wt% Nb
pressure tubes examined to date
indicates they will achieve their
design life.
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