
SOME ENGINEER ING ASPECTS IN THE DEVELOPMENT
OF PRESSURE TUBES FOR CANDU 

P.A. ROSS-ROSS 

DeeJ, Ri ver, Ontario 

ABSTRACT 

One of the main engineering characteristics of the 
CANDU nuclear power reactor is the use of press11re 
tubes rather than one large pressure vessel to con­
tainn the fuel and coo1ant. The power reactor basic-
al ly consists of a calandria, which is a vessel con­
tai ning the low pressure heavy water moderator, end 
shi elds, and an array of identical pressure tube 
assembl ies which project through the end shields and 
calandria The pressure tuhe is thus the pressure 
vessel in a CANDU reactor. This paper reviews some
of the engineering aspects of the development of the 
pressu re tube. Signi fi cant advances hove been 
achieved related to zirconium alloys, tube fabricat­
ion, flux enhanced creep, irradiation growth, delayed 
hydride cracking, inspection and retubing. 

INTRODUCTION

When development of nuclear reactors for electric 
power generation was ln its early stages, many poss­
ihle combinations of fuel, coolant, and moderator 
were proposed. Only a few reactor types have reached 
the commercial stage. The Pressurized Water Reactor 
and the Boiling Water Reactor of the pressure vessel 
type are the most wide]y accepted and are the main­
stay of nuclear power programs throughout the United
States, Europe, and the Far East, The Un::lted King­
dom, one of the pioneers of nuclear power, concent­
rated on the Gas Cooled reactor. Canada stood alone 
in pursuing the pressure-tube type of reactor. The
dec is ion hy Canada to proceed on its own certainly 
] eft doubts in the minds of many within Canada and
abroad as to whether Canada with its limited 
resources could achieve its goal of economic electric 
power genera t l on. But when you are second, you try 
harder; the Canad ian program was well focused and 
we] l executed Fifteen years after the dec is ion to 
follow the heavy water moderated, natural urani11m 
fuelled, pressure-tube type reactor, the Pickering 
Nuclear Generating Station went into operation and
soon demonstrated to the world that CANDU was number 
one. The Bruce and "CANDU 600" units to follow, 
further established that CANDU was indeed a great 
scientific and engineering achievement. 

Tt is gratifying to all those who contributed to 
the CANDU program that the Engineering Centennial
Board recognized the CANDU reactor for production of 
electricity as one of the ten most outstanding
Canad Lan engineering achievements over the last 100 
years. 

Within the CANDU program, there were many engin­
eering achievements; the development of the pressure 
tube is but one. This paper ls an attempt to Identi­
fy some of the key contributions and key events 
related to the pressure tube,
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HISTORY 

By the early 1950's, Canada had a good scientific and 
development hase for heavy water moderated and
natural uranium fuel led reactors at the Chalk River
Nuclear Laboratories. ancl interest was growing in the 
development of nuc lea r electric power. At the same 
time, Ontario llydro, Canada's largest electric utll-
i ty, had seen the need for a di.versified power gener-
ation program. The basis for a cooperative program 
between the federal research ancl development establ-
ishment at CRNI. and the provincial electric utf 1 i ty 
which could meet al l the challenges from has I c 
science through to economic and reliable operation 
were set in motion. Contrlhutions from Canadian
industry were of equal importance to this emerging
program and in 1955 NPD-1 (Nuclear Power Demonstrat-
ion) was committed as a joint venture of Atomic 
Energy of Canada Limi ted, Ontario llydro and Canadian 
General Electric Company Limited. 

NPD-1 was to be a natural uranium fuel led, heavy 
water moderated, pressure vessel type of reactor. In 
the late 1950 's, after the NPD-1 project had begun
preliminary work was started on the design concept 
for a 200 MWe n11clear plant for base load applicat­
ion. A pressure tube reactor was selected. This 
concept had the advantage of circumvent i ng the size 
limitation that steel fabrication technology appeared 
to place on the he.1vy wa ter moderated pressure vessel
type of reactor. NPD was reassessed and was convert­
ed to a pressure tube reactor; i t hecame NPD-2, the 
first CANDU-PIIW (Pressurized Heavy Water coolant) to 
go into service (in 1961). 

In 1959, the 208 MWe Douglas Point Generating Station 
was committed; this prototype power reactor began
operation in 1967. The first full-scale commercial 
CANDU-PHW station of 2056 MWe was committed in 1964
at Pickering. The four units of 514 MWe each went 
into service between 1971 and 1973. The next major 
nuclear electric commitment in the Ontario Hydro sys­
tem was the Bruce Station. Construction started in 
1968 and the four 7 50 MWe uni ts went into service 
between 1977 and 1979. Between 1982 and 1985 four 
more units went into service at the Pickering Stat­
ion. Retween 1984 ancl 1987, four more were added to 
the Bruce Station, and hetween 1989 and 1992, four 
units of 880 service at the Darlington Station. 
A 1 though the main thrust of the Canad ian program has 
been through a cooperative effort with Ontario Hydro, 
CANDU 's have heen and are being built in other coun­
tries and in other provinces. New Brunswick and 
Quebec have 'CANDU 600' uni ts, and CANDUs have been
buil t or are being. but l t in India, Pakistan, 
Argentina, Korea and Romania. 

During the 1960's, design and development on two 
alternatives to the CANDU-PIIW were proceeding. First 



was a CANDU-BLW (Boiling Light Water coolant) concept
whfch had the potential for significant capital cost 
savings The program progressed as far as the proto­
type power reactor of 250 MWe, Gentilly-I in Quebec
1t went into operation in 1971. The second alternat­
ive was an organic-cooled reactor concept. Coolant 
temperatures over 400°C had the potential for econo­
mic gain through higher steam cycle efficiency. The
program progressed as for as testing of fuel and fuel 
channels in the research reactors at Chalk River and 
Whi teshell lahoratories (CRNL and WNRE). 

The pressure tuhes in the Pickering Bruce, Darl-
i ngton and '600' reactors are for the most part simi-
lar. The following hriefly describes the CANDU 
'pressure tuhe' reactor. 

THE PRESSURE TUBE REACTOR 

A CANDU-PHW power reactor basical ly consists of a 
calandria which is a large tank containing the heavy 
water moderator, end shields, and an array of ident­
ical fuel channels which project through the end 
shields and calandria. Figure 1 is a simplified
schematic of a CANDU-PII reactor. Figure 2 shows the 
general arrangement of a fuel channel. The principal 
components of a fuel channe I are the pressure tube,
the calandria tuhe, the central spacers and the end 
fittings . 

The pressure tuhes of about 6 m (240 in.) length, 
4.1 mm (0.162 in,) wall thickness, and 103 mm (4.07 
in.) inside diameter, contain the fuel and heavy 
water coolant at a pressure of 10 MPa (1450 psi) and 
a temperature of 300°C. The pressure tuhes are hori­
zontal and are rigidly joined to end-fittings which 
are firmly supported by the encl shields. The caland
ria tubes are concentric to the pressure tubes and 
separate the cool moderator (ahout 70°C) in the 
cal andria from the hot pressure tu bes. The central 
spacer are springs wrapped around the pressure tuhe 
to maintain clearance between the pressure tuhe and 
calandria tube. The pressure tube reactor is of 
modu I ar form. Reactors wi th large power out put are 
obtaii ned hy f ncreas i ng the number of fuel channel 
modules. 

On-power refuelling is facilitated by the pressure 
tube concept. CANDU reactors are refuelled on power 
by routinely breaking into the primary heat transport 
system and at ful 1 temperature and pressure via the 
closure plug in the outhoard end of the end-fitting. 
The reactor bridges and carriages transfer the fuell­
i ng machines be tween the new fuel ports and renctor 
faces and the spent fuel port. Figure 3 is a view of 
the end face of a Pickering reactor, its fuelling 
machine and the bridge assembly.

The pressure tube concept has many advantages. 
The components of the fuel channel are relatively 
small. Fabrication processes are repetitive and 
subject to c1ose control of process parameters. The 
pressure tubes are of simple shape, thin section and 
homogeneous. Dimensional tolerances and freedom from 
defects are obtained hy 100% nondestructive testing 
of the finished tube. Chemical composition, corros-
i on resistance and strength are guaranteed by
destructive tests on pieces cut from the ends of the 
ac tun 1 tubes used in a reactor. But there are two 
disadvantages; first, the components of the fuel 
channel are exposed to the fast neutron flux produced 
hy the fission of the uranium within the fuel bundles
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When the dec!Rion was maci€.' In 1956 to proceed with 
the 'pressure t11h<' reactor concept', very little was 
known about the lonB term effects of fast neutron 
flux ()11 structural mnterials. In the ensuing yea rs 
much of the R&Tl on pressurP tuhes was related to the 
effects of fast nC'utron rlux, hut other factors such 
as end joints and safety considerations also received 
attention. The- .1dvancPments in pressure t11he 
technology can hP broadly dividC'd into flv<' 
categories: 

1) Tube materials and fahrication 
2) Rolled Joints 
3) Flux €.'nhanced creC'p and irradiation growth 
4) Delayed hydride cracking 
5) Inspection and rel11bing. 

TUBE MATERIALS AND FARRICATION 

Neutron economy is important if the n:it11r11l 
uranium fuel cyclP is to hP successful. The pressure 
tubes passing throurh the core of the reactor hnd to 
he of neutron economic mr1terial and the amount nf 
mnterial had to he kept to a minimum. Of the 
materials with low neutron capture cross-section 
which could he usC'cl (Al, tlg, Be, Zr, Ph and graphite) 
only zirconium alloys h;id adequate strength and 
corrosion resistance for 11se at. 300°C. Zircaloy-2 
was selected as the pressure tuhe material for NPO. 
Zircaloy-2, an alloy of Zr-1.5 wt% Sn with small 
additions of iron, nickel and chromium, had heen 
developed hy the US N,ivy and was extensively used for 
fuel sheathing anc1 for other core components. 

Canada was not alone in appreciating the potential 
of zirconium alloys as a pressure tuhe material. The 
USA, Russia, France, and later the UK, Japan and 
Italy had pressurP tuhe rPactors. There was 
worldwide 1nterest In th<' nuclear community fn the 
properties of zl rconlum ,,1 loys. Sinc:e cold-worklnp. 
of zirconium alloys increases strength, Roy Thomas 
and Eric Perryman focussC'ci the Canadian effort on 
fahricatlon of cold-worked tubes. Th€.' process for 
fahricating tubes cons lstf'ci of hot forging ingots to 
hillets, extrudinp. nt 750 to 850°C to t11hes, 
cold-drawing about 181.'. and stress-relieving at 
400°c. 

Pressure tubps hnve anisotropic physical and 
mechanical properties. Zirconium ctlloys have a 
closc>-packed hexagonal crystal structure. During 
fahrication tubes develop strong crystallographic 
textures. ConsiderahlP pffort was expend€.'d on 
determining and understanding the effects of 
fabrication on tuhe strength and deformation 
characteristics in the longitudin;il and transv<'rse 
directlons. Since tuhes .1re subject to the internal 
pressure of the coolant, hurst tests where the tuhe 
fs pressurized until rupture occurs, provided the 
best practical indication of tube strenr,th. 
Zi rcaloy-2 tuhPs proved to be tough. Irr ad i;it.ion 
Increases strength and decreases ductility, but the 
i rrad lated tube remains tough. 

Damage to pressure tuhPs hy gour,ing, frettinr. or 
cracking is always a concern, burst tests on t11hps 
with artificial defects machined partially throup,h 
the tube wall demonstratPd the ahil f ty of tubes to 
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tolerate severe damc1ge. FajJure Is possfhle only :if 
tllhe is damaged or cracker! sufficiently to reduce its 
hurst strength to the operating stress of the tuhe. 
The tuhe irradiation program has supplied many highly 
irradiated tnhes which could he artificially defected 
and hurst tested. Burst tests on full-size radio­
active components are only possihle when the pressure 
vessel ls of reasonable size such as a pressure tuhe. 

Langford extended thf' pror,ram to eva] uate throur,h­
wall cracks. Artificial defects consisted of thin 
slits c11t longitudinally jn the tuhe wall and thf'n 
elongated hy fatlg11e cycl1ng to grow cracks at the 
ends of the slit. The defect represents a crack per­
pend ic11lnr to hoop stress, the maximum tensile stress 
in a tuhe. Failure stress decreases with increasing 
slit length; the slit length which causes unstable 
crack propagation at the pressure tube design stress 
is the critical crack length for the alloy condition 
nnd test temperat11re. For current zlrconlum alloys 
at 300°C, the critical crack length ls ahout 60 mm at 
rlesir,n stress. Hydrogen up to 300 ppm has little 
erfect on critical crack lenr,th at 300°C,. The hig 
difference retween tuhe wall thickness (4 mm) and 
critical crack length {60 mm) gives a high degree of 
protection from the risk of unexpected tuhe failure. 
A growl ng crack penet ratPs the wAl 1 of a pressure 
veirnel when its length is approximately five timt's 
the vessel wal 1 thickness. The pressurized coolant 
will then leak through a crack, Rnd he detected in 
the gas annul us he tween pressure And cal andria tubes. 
Th11s, if the critical crack 1£'ngth is more than fjve 
t lmes the wall thickness, the pressure vessel will 
leak hut the crnck will not propognte unstahly. This 
is the "lenk-hefore-t-reak" crfterl.on developed from 
fracture mechanf cs theory. "Leak-hefore-break" can­
not guarantee that tuhe rupture wt 1.1 not occur but it 
does add another element of confidence. 

Al though zircon I um alloys have not heen 1 ncluded 
in the /\SME Roi ler and Pressure Vessel Codes, the 
pressure tubes for CANDU reactors have heen designed 
to the ·111tent of the Codes. One-third of the ul ti­
mate tensile strength for the unirradiated tube is 
the design cri terlon. The NPD design stress, based 
on dnta availahle at that time was chosen as 93 MPa 
(13500 psi) at 280°C, a very conservative value. 
Rased on dat;:i produced at CRNJ., the design stress for 
tuhes in Douglas Point and Pickering was estahlished 
as 110 MPa (16000 psi) at 300°C. 

The hot coolant inside the pressure tube and moist 
gas on the outside cause oxidation. Hydrogen release 
occurs as a result of the oxf.dation reaction, which 
resu 1 ts in some hydrogen pf ck-up in the zj rconium 
alloy. Hydrogen in the metal hns little or no effect 
on the mech,rnical pro pert f es excPpt when concentra t-
1 ons exceed the soluhillty limit and zirconium hyd­
ride platelets form. The platelC'ts form in preferred 
direction hecause of tuhe nnisotropy; platelets tend 
to reduce ductility and lmp.1ct strength when aligned 
perpendicular to the direC'tion of principal stresses. 
The studies concluded that hydrogen was unl fkely to 
he a prohlem, ;ind a small fncrense in t11he wall 
thickness was neede.d to compensate for material loss 
due to corrosion. 

At tha.t time {l %0), it was thought that creep 
strength in-renctor was 11t least as great as out­
reactor. Since out-of-reaC'tor at a stress of one­
third of the UTS, crePp tests indicated that after 
100,000 h cre<'p strain wou]d re considerably less 
than 1%. {ASME Boiler Code Creep Design Criterion 
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for Ferrous Materi:ils fs 1': in 100,000 h), creep wns 
not considerer! to he either ;:i factor in the design, 
or l lfe of pressure tu hes. 

In adopting tlH' prei:;s11re tuhe> reactor, test pro­
grams were directed nt understanding the conseriuences 
of a pressure t11he rupture. Of particular tntC'rest 
was whether thP rupture of one pressure tuhe could 
lead to rupture of ,1n n<ljacent tuhe and thus propo­
gate through the rr-nctor. Should a pressure tuhe 
rupture, the hot prC'ssuri zed water explosive] y decom­
presses discharp,inr, coolnnt ancl ejectlnp. fuPl h11n1l­
les. Experiments on BimulatPd NPD and Douglas Point 
reactor arranr,PmPnts p,ave C'nnfidence that propo~ntfon 
of failures was 11nl lkC>ly; tlw quflntlty of hot cool:rnt 
in a channel is srnal l :ind the ca1andria tube nroun,i 
the pressure tube dnmpens the initial explosive dis­
charge[ 1 J. 

As good as col rl-worked Zi rcaloy-2 was, therP was 
still an economic Incentive to reduce the amount of 
structural rraterial fn the core of the reactor. Two 
possibilities existed - first was the 'cold-tuhe' 
deslgn, and second was a zirconium alloy of higher 
strength. 

In the 1 hot-tub0 1 dE'sir,n, the neutron ahsorhfng 
m:-iterial consists of thr pressurr tuhe, thP cnlandrfa 
tuhe and central sp:tC'Prs. The cold tuhe de,dgn con­
sists of a thin inner liner, an insulant, and a pres­
sure tube in contact wf th the cool moderator. Cold­
tube desf.gns were ex11mfned for hoth pressurizecl heavy 
water and organic coolants. Many of the metallurg­
ical problems encountered in the hot-tuhe deslgn 
could he hy-passed to some ex tent hy using the cold­
tube design. The lnt<'rnal Insulation protects the 
pressure tuhe from rhe hot coolant, reduc 1 ng corros­
lon, hydrogen pick-up nn<l creep of the pressure tuhe. 
Neutron economy is Improved hy virtue of the higher 
allowable pressure tuhe des lp,n stress at low temper­
atures. However, new problems were created, the 
major ones heing the choice of fl suitable insulant, 
the proof of the mechanlcnl and metallurgical stahil­
i ty of the liner. Liner stahili ty under thermal 
cycling was of particular concern. 

K.L. Smith playecl R key role in developing thE' 
cold-tuhe. Full size, prototype cold-tuhe assemh]fes 
were extensively testC'd and consideration was given 
to installing assemhl I es 1 n the research reactor NRU 
at the Chalk River Nuclear Lahoratorfes {CRNL). 
Similar progress was madl' on a cold-tube for ,1se with 
organic coolant. However, concerns ahout damage to 
the liner by fuel movC'ment, liner stability, complex­
ity of the rolled jof nt and overall assemrly, and the 
consequences of failure, were slowly eroding interest 
in the 'cold-tu he' concept. Furthermore development 
on new higher strenpth alloys was progressinJ? well, 
and the potenti,d for thinner tuhes using the hot­
tuhe design looked more promising than pursuing the 
cold-tube concept. In the mid-1960's, the cold-tuhe 
concept was abandoned. 

In 1958, the llSSR presented inform.-i.tion on their 
research i.nto the properties of zirconium alloys 
containing niobium, at the 2nd Geneva Conference on 
the Peaceful Uses of Atomic Energy. The capture 
cross-section to thermal neutrons was low, the 
strength was high ancl the corrosion behaviour at 
CANDU coolant tempC'raturC's was good. Dr. Lewts 
recognized the potential of this alloy as a pressure 
tuhe material, ancl a consiclerahle amount of the 
metallurgical R&D at Chalk River was directed at 



securing Zr-2.S wt% Nb tubes in a he~t-treated form. 
The incentive was large, heat-treated Zr-2.S wt% Nb 
tubes could reduce the tuhe wall thickness hy 30 to 
40% relative to cold-worked Zircaloy tubes. 

A long intensive development program was thus set 
into motion, First appropriate material had to he 
procurred, and s~all specimens were fabricated to 
simulate possible tube fabrication routes. By the 
early 1960's, results indicated that the preferred 
route for producing pressure tubes was heat-treatment 
t,y quenching in water from 880°C, cold-drawing and 
aging for 24 hours at SS0°C in vacuum. W. Evans was 
riven the task of procurring the tuhes. It was 
quickly realized that fabricating hard thin tubes was 
no easy task. 

From a metallurgical viewpoint, a strong 
heat-treated tube was very desirable. Evans also 
realized from an engineering viewpoint, a Zr-Nb tube 
hot-extruded and cold-drawn in a similar manner to 
Zircnloy-2 tuhes, had a lot in its favour, even 
though the wall-thickness reduction would only he 
about 20 to 25% relative to Zircaloy-2. Programs to 
secure hoth heat-treated (i.e., water-quenched, 
cold-drawn and aged) and cold-worked (Le. 
hot-extruded and cold-drawn) were initiated, and 
tubes were produced[2]. 

The tube fabrication program was further compli­
cated by the need for tuhes of different wall thick­
ne,rnes. In the early 1960' s, Canada was evaluat lng 
three coolants; pressurized heavy water, boiling 
1 ight water, and organic. The BLW design pressure 
was about 30% lower than for PIIW. For an organic 
cooled reactor with coolant at 400°C and 2.8 MPa (400 
psi), the proposed materials were Ozhennite 0.5 
(Zr-0.2 wt%, Sn-0.1 wt%, Fe-0.1 wt%, Ni-0.1 wt% Nb) 
and at a later date cold-worked Zr Nh. Tubes of 
different materials and different wall thickness were 
needed for metallurgical ancl mechanical testing, for 
rolled joints and for installation in the research 
reactors, 

Another decf sion was soon to he made to add to the 
tuhe fabrication and evaluation programs. Pressure 
tubes for NPD and Douglas Point were of 83 mm inside 
diameter (3.25 in I.D.). Diameter is chosen to meet 
fuel t-undle requirements. For the proposed full­
scale reactors of 514 M\-:e at Pickering, power output 
could he het ter achieved by increasing the number of 
elements in a fuel bundle, i.e., adding another ring 
of elements. There were arguments for and against 
the change in size of the fuel bundle. The end 
result was in favour of a larger fuel huncl le and 
hence a pressure tube with an I.D. of 103 mm (4.07 
in.) was specified. The decision on what material 
and fabrication route was to be speci fled for the 
pressure tubes in the Pickering Station was still to 
he made. 

ROLLF:D JOINTS 

Zirconium 'alloys are expensive and there was 
l 1ttle need or des! re to extend the pressure tube 
much beyond the edge of the core of the reactor. 
Stainless steels were suftahle as end fitting materi­
al and a Zirc~loy-to-steel transition was needed. 
Welding, brazing or metal]urg.lc.al bonding of dissim­
ilar metals did not look attractive. Of the various 
mechanical joints possible, roll-forming became the 
standard for CANDU pressure tuhes. Tubes are rollecl 
into quenched and tempered 12% Cr stainless steel 
(AISI-403) end fittings. 
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Figure 4 shows the cross-section of a rolled 
joint. Three prooves are machined in the end fitting 
bore in the rolled joint an'a, The pressure tuhe is 
lnserted into the end fitting covering the grooves. 
A tuhe expander is introduced :f.nto the pressure tuhe 
through the end fitting. The tube is roll exp1rnded 
Into the end fittinr,. The t11he wall thickness is 
reduced hy 12% to 157' and the r,rooves in the end 
fitting are partially filled with tube material. 
The material in the grooves tends to lock the tuhe to 
the end fitting producing satisfactory leak tightness 
and axial strength. The end fitting material must t-e 
hard enough to not deform significantly as the tuhe 
is squeezed into the grooves. Simple rolled joints 
are preferred when the wal 1 thickness to diameter 
rat .Io for the tuhe ls from O. 04 to O. OS. When a tuhe 
is thin (thickness to diameter ratio less than 0.03), 
a sandwich rolled joint is preferred. The caJandrta 
tube joint as shown in Figure 4 is an example of a 
sandwich rolled joJnt. The calan<lria tuhe fs flared, 
and a s ta f nl ei:;s steel ring is inserted. The 
calandria tuhe ii:; thus squeezed between the ring and 
the steel tuhe sheet hy roll forming. 

FIGURE 4: Ci\NDU-Pf!W ROLLED JOINTS 

Canadian General Electric and Westinghouse Canada 
l.td. conducted most of the development work needed to 
produce joints for the many variations of pressure 
tuhes under consider:1t ion. Experimental and analytic 
work estahl is heel a general underi:;tand ing of how to 
make a joint and why it works. 7.ircaloy-2, the soft­
est of the cand ldate matrrf.al s had a wal 1 to diameter 
ratio of 0.05 and as such joints were relatively easy 
to make. c.w. Zr Nh with a ratio of 0.04 was devel­
oped without too much difficulty. Heat -treated 
Zr-Nb joints were more difficult to make; the 
material was strong and hard, almost as hard as the 
end fittf.ng material. Consideration was given to the 
use of harder stainless steels and I neon el. For a 
PHW cooled reactor, the wall thickness ratio for a 
h. t.Zr Nb tube would he about O. 034; too thin for a 
simple rolled joint and too thick for a sandwich type 
joint. For BLW and Organic. coolant applications, the 
lower pressure ( than for PHW) al lowed thinner walls 
and sandwich-type rolled joints were developed. 



FLUX. ENHANCFD CREEP AND IRRADIATION GROWTH 

NRX and NRU are superh reactors for· conducting 
r<>sl"Rrch and development. Tts hard to t-elieve that 
these reactors, which were designed well hefore 
C;rn.1dc1 madP the commitment to develop the pressurP 
tuhe renctor, would he so valuable to the development 
of C/1.NDU fuel and pressure tuhes. Two types of 
lrr11dlc1tion facilities are availahl<>. First l.s the 
l n-pi le loop which can accommodate a .full-length 
exprrimental or prototype power reactor pressure 
tuhe. Within the tuhe are fuel hunrlles and coolrrnt 
npernting at power reactor conditions. Second, there 
ilre holes through the reactor into which experimental 
:isscmhlies can he inserted. . The first conclusive 
evidence on flux enhanced.creep were a direct result 
of two advances in test equipment for use in these 
irr.11<liation focilities, creep ma.chines and an 
inspection system. 

Tnterest was growing internationally in the devel­
opment of creep machines to operate in a reactor 
environment. Tn 1958 Orencln Enp,ines Ltd. (]nter 
llawke>r Siddely Canada) was c9mmissioned to design anil 
hu{ lei a machine for insertion in Rn experimental hole 
in NRX .• The first machines were unreliahle,i·and 
re!rnlts f.rom NRX and elsewhere were conflicting. · It 
wasn't until 1963 that the first conclusive evidence 
of flux enhanced creep was secured. A creep test on 
,1 specimen cut from an NPD pressure tuhe was cond11c t­
ed hy V. Fidl eris. For a period of many months, NRX 
essC'ntf.ally operated at conditions dictated hy the 
crrep experiment. When the reactor was operating, 
the creep rate was high; when the reactor shutdown, 
the creep rate was low. 

/\t the same> ti.me as LhP rreep machines were heing 
<level oped, OrP.nda was :isked to bu! ld a system for 
i nspN· t Log pre:c;sure tlihes. Bat tel le Northwest Labor­
n tori es had developed a system for the pressure tubes 
In the Plutonium PecyclC' Test Reac-tor at H.1nford. 
h'Ith cooperation from BNWL and huildirig on tlteir 
expP r i ence; Ross-Ross worked with Orend;i to produce 
rour, Ing equipmc>nt to mf'rtsure tube dtnmeter, surface 
clefec ts and wnl 1 thicknf'ss [ 3). The. focus was on 
Pst:tt-1 ishing the E>XtE>nt of any surface damage which 
mlr,ht arlse as n result. of wear, fretting or gaur,ing 
of the tuhe wril l by vibration or movement of fnel 
h1111cl I es. The TD me>asurmC'nts were slmply to i11spect 
for nny unusu.11 deformation resulting from reactor 
opPration. Inspectipns were done with the reactor 
shutdown and the pressure tube ·drained and empty. 
First In-reactor gaup,ings w~re done in an NRU loop 
t11he and two NPD tubes to establish hase mf!asure­
mpnts in 1963. 

The second mensurement l n the NRU loop tuhe was 
done 1n July 1964. The results of the measurements 
showcrl a cJear .rel,'\tlooshlp between strain and fast 
neutron flux. Ttie fast fJ.11x was linenrly related to 
llw fuel power of the hund le t n the tuhe. The st ra l n 
prof i 1~ was 11-lmost a d l rec t. match of the cosi ne-shap­
ed power (flux) profile from end to end of the sect-
I on of .tuhe extending throur.h the core of NRU. The 
mnximum strain was only .O.l:Y. (i.e., 0.08 mm or 0.003 
In.), As if to add icing ,to the cake, the strain 
profile also showed dips of 11hout 0.01% which coin­
cided exactly with the fast neutron flux depressions 
at thP ends of each fuel hundle. The gauging he.-id 
des lgned to d<•t<'ct ;my unusual deformation, suddenly 
hecame a precls.lon instrument for investigating creep. 

Creep was now a potential design prohlem and the 

rPnctor designers were fully· informed of the import-
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ance of in-re1:H' tor creep. The creep program at 1.RNL 
was rapjdly expnnded with the orj.ectlve of studyinr, 
mechanisms ns wr>l l as for securing engineering d:tta 
for predicting tuhe hehaviour. 

The ff rst loop t11he was not· fahricR ted to powc-r 
re;ictor tuhe flJ'PC!fiC'ations and, hcirl hee,.1 removed to 
allow instal lcit I.on nf one from tl,1e produ\-tlon run of 
c.w. Zircaloy-2 pressure tuhes for Dour.las Point. 
Gauging results weri;- of direct Interest and cnnflrmpd 
that the circ11mfprential. (or transverse) creep ratr 
wa,s almost line.1rly proportional to the .fast neutron 
flux. Results al so showed a· small: temperature sens­
itivity. Whereils out-of-reactor tests on c.w. Zlr­
caloy-2 showed a i!PrrE">asfnp. creep rate with t:lme, the 
in-reactor rem1lts ,showed no recrease in creep rnte 
over the 11000 hon rs of operation in I\TRll. This w:is 
very dist11rhii1r, .is very high creep strai.ns were 
indicated in Do11glas P.oint which was deslgnerl for n 
30 year lifetime. /\1 though ther,e was great fntPrest 
in extending• tPst Hrne, the need to get on wJ th 
development of larr,Pr fuel bundles for PLckerlng, w.1s 
much greater and the 83 mm Douglas Point tuhes were> 
removed and a 101 mm c.w. Zircaloy-2 (Pickerinp 
prototype) was instaJlpd, 

Cold-worked Zr-2 .. 5 wti:'. Nh tu hes hecame avaf I nh I e 
in 1963 and thr first expc-rimc-nt:il t11he (of 83 mm In) 
was installed in 1965. Results indicated the creep 
rate to be abo11t one half that of col d-workecl 
Zircaloy-2 (at c-omparahle conditions) but test tfme 
was short (7,000 h), .1nd the t11he was removed to make 
way for 103 mm TD. t11hes of c.w. Zr-Nh. The feasibil­
ity of fahricatlng hent-trated tubes was estahl fshPd 
ln 1965 and 1966. Out-of-reactor c-orroslon tests 
showed that lncreasinp, ·co1d-work hetween quenchinp. 
anrl aging imp~oved corrosion resistance of Zr-2.5% Nh 
while out-of-reAc-tor And in-reactor creep tPsts 
indicated that creep prop<'rties deterloraterl. As a 
compromise re tween dfls I red corros {on and creep 
properties, the cold-wor,k hetween quenching and ar, l ng 
was specified at 10 to 15% for pressure tubes. 

Based on uni.1xial creep tf'st res11lts in-renctor (no 
tuhe .results were yet av.1llahle) heAt-treated Zr-2.5% 
Nt, was specified in 1%6 f.or Gentilly-I (BU,!) .,nd 
KANUPP (PHH in Pc1klstnn). La.ter h.t.Zr-Nh wns 
adopted hy Japan for fUGEN. H.t.~r-Nb has performed 
well in these reactors. 

The specification of pr<'ssure tuhes for Pickering 
was more conservative than for Gentilly and KANIJPP 
and it was deciderl tlrnt tuhes for Uni ts 1 and 2 
should he cold-drawn Zirc-aloy 2 with a Ii. str;iin 
1 im { t, which was expected to he reached in 8 to. l 5 
years. The decision for Pickering Units 3 and 4 was 
to he made later. 

Results were heing acc111nul.1ted on c .w. Zt rc;:iloy-2 
from NPD and loop t11h.es, .,and ,m,1lysis of da~a lndl.c­
ated that the sensitivity of creep rate to stress was 
a linear relation. This was unexpected and in con­
flict with results from 11nlaxial stressed specimc-ns 
from in-reactor cref'p machines which indicated a muc-h 
hir,her stress sens1 tivi.ty. Iry 1967, Ross-Ross pro­
duced the first desf gn rciua t ton fpr transverse creep 
of c.w. Zircaloy-2 pressure tubes[4). It was very 
simple, -

creep rate= 4 k 10-27 x ax~ x (T - 160) h-l 

where a was the hoop .stress in psi, <f, Wa!'l the f.1st 
neutron flux tn neutrons/c-m 2 s and T was temperature 
°C (but appliable only from 250 to 290°C). 



St:utlng in 1965, experimental tuhcs for the NRll 
J oops were mac hf nerl to reduce the wal 1 th! ckness over 
short lenp,ths to create zones of different stress. 
Results confirmed that in the express ton: creep ratr 
varies as "n, the stress exponent n wns l to 
str<'RS levels well nhove the range of Interest to 
deslgners. That n = 1 was of great significance. If 
'n' ls low, n material fs snJd to hehnve in a hlghly 
p].1stlc manner where the tendency to necklng is 
reduced and excee<lingly hfr,h ductlbility fs ohtafnerl. 
ThC' ]ocnlizerl irrep,ulnrttlC's In the str:1ln proflle Rt 
hundle junct[ons, nnd shnrp well-defined steps in the 
strain profile coincidinr, with stress steps in the 
machined tuhes were indicative of highly plastic 
deformation. 

ThP strains in pressure t11hes a!': a result of opC'r­
atlon in loops are very small relative to the cleslrn 
]ifC' of a reactor of 30 years. In 1%7 E.F. Ibrnldm 
hr>r.nn :i series of tests on sma] 1 t11hulnr specimens 
fn-renctor at conditions desJgned to accelerate creep 
deformation. Specimens have heen strainer! uniformly 
to ovl'r 10%. ThP clesiRn Jimit was progressivPly 
incrf',1sed as more and more resu] ts from CanadR and 
nhrond confirmed the h[ghly plastlc deformation 
hC'hnviour. In the early l970's, the recommended 
l imlt for incrense i.n tuhe diameter wns set at 5%. 
Avoiding hf~h strains hy selecting materials more 
r<>s f s tctnt to creep than Zi rcaloy-2 was now of equal 
importance as reducing tube wall thickness for neut­
ron economy. 

Interest 1n the metalh,rgical community in twat­
t rC':itrd Zr-2. 5 wt% Nb was hir,h and when reactor grade 
hc:1t-trc:1ted tuhes became avai lahle, they were fmmed­
L1tPl y fahricRted into loop tube assemrlles and in­
s tnl led in ~:RU. In mid-1967, the two cold-worked 
Zr-Nh tuhes In NRU were removed and replaced hy hent­
trented tuhes. 

In early 1968, the available information on the 
thrre candidate materials (c.w. Zircaloy-2, c.w. 
Zr-Nh and h,t. 7.r-Nh) were analyzed. Of all factors 
considered, design strength, tuhe fahrication, rolled 
joints, and crf'ep were of most importance. Cold­
worked Zr-Nh tu hes were av;ii lahle wel 1 he fore heRt­
t rf'ated tuhes, there was Httle concprn ahout tuhe 
fahrlcation, ancl rolled joints had heen clC'veloped. 
Concern n•m;ifnf'<l ahout thc- fahrlcation route For 
hent-treatecl tuhc>s, and there had not t-een adequnte 
t,,he or t I.me to folly prove the joints. Test time for 
roth cold-worked and heat-treated Zr-Nh tubes was 
very short 1-ut the data availahle indicated that 
cold-worked Zr-Nh was more creC'p resistant thRn heat­
t rented Zr-Nh and had a transverse creep rate less 
th:in half tl1At of c.w. Zircaloy-2. Mostly on the 
h.1sls of creep hehaviour, cold-worked Zr-2.S wt% Nb 
was selected for Pickering Units 3 and 4 (and all 
reactors after Pickering). Design stress was 145 MPa. 

Two further asrects of pressure 
wcrc t-elng evaluated In the mid to 
creep sag and length change. 

tuhe performance 
late 1960's, -

The ends of the pressure tuhe are rip,idly joinPcl 
to the end-fitt lnp.s whic.h are firmly l1elcl hy the 
t-c-:Htnp.s hetWCC'n the end-fitting and end shield. The 
hc-:irlngs accomod,1te therma.1 expans1on. A pressure 
tuhr ls then a fixed henm suhject to a uniformly rlis­
t rl huted load from the fuel and coolant nnd to point 
ln,1ds providc>cl hy the central spacers which in turn 
arr s11pportPd hy the calnndrJa tuhf'. The tuhe fs 
suh_1C'ct to internal pressure and bending. The proh­
Jpm was OIJC' of mu] t1-axfa1 stresslnp,. The prohlem 
w:is compl lcatc>d hy the anisotropic hehaviour of zir­
conium alloys. 

Creep results from unlaxJ:illy stre!':sed specfmrns 
coulrl not he corrC'l:itecl to t11hC' results. Creep ratps 
from material workr,I in thP lonp,ttudinal direction 
werP typically r.r<'nter tlrnn r.1tes from specfm<'ns c-11t 
from sheet or t11hC's ,1ncl strPssed Jn th<> trRnsvcrse 
direction. From th<' mf'nr,Pr information avaiJah]r, 
the Indications wc>re that creep hehaviour was hip,hl y 
anisotropic. 

Stress relax.11· Ion Is tl1e tlrne-depenclent chanp,e in 
stress at constnnt strain. Creep ts the time-depend­
ent chanp,e in str.,Jn 11ncler constant stress. CreC'p 
information can t-e clerivC'rl from stress-relaxntlon 
results. In a he.,m-type test where thC' specfmPn t.s 
hent, the stress :innJysfs rc>mains simple as lonp, ns 
the Rtress distrihutlon remains linear. With tl,e 
stress exponent 'n' equal to 1, this condition fs 
maintained. A stress-relaxation prop,ram was initiat­
ed in 1968 to comr;1re ;rnd correlatP. rates from spl"cl­
mens c11t from thP lo11r,it11df.nnl and cl.rcumfcrentla1 
directions to tuhc creep rntes, and to serve RS a 

relatively simple trst to compare different materials, 
and metallurgical structures. 

From stress-relnx:itlon, 11niaxL=1l creC'p machine Rncl 
tuhe results, anfsotroric factors were df.'rivPd using 
the Von Mises yield criterion p,C'neral f?.Pd for anlso­
tropic materials to descrthe the multi axial stress 
statP[S]. Once ar,afn, a stress exponent 'n' equal to 
1, greatly simpllflPd the analysis of test d:ita. 
Pettigrew and Ross-Ross npplJed crC'ep information to 
a computer analysis to determ:f.ne tuhe sap. character­
istfcs[6]. 

The sag analysis showed that the pressure t11hl' 
quickly sagged to trnnsfer the fuel load through the 
spacers to the calanci rf a, and the pressure tube wouJ d 
slowly continue to snp, rlown he tween the !=:pacers and 
in some cases contac-t the calnndria tuhe. Stress­
relaxation results from Bf'ttis showed that creep also 
occurred at low temperatures. A creep rate was esti­
mated for thP calandria t11he and indicated that the 
calanclria tuhe would snr, Rt a rate of about 1.4 mm 
per year. For Pickerlnp llnits 1 and 2 with cold­
worked Zircaloy-2, cont:ict between the pressure tuhe 
and calandria tuhe coulcl occur as soon as 17 years. 
For the more creep-resistant materials (Zr-Nh) con­
tact would he much later. Sng of the pressure tuhe 
between spacers co11ld be easily reduced by increasing 
the numher of spncers. 

The anisotropic factors derived to determine 
deformation under multlaxJ:il stressing indicated thnt 
the pressurized t11he should also experience lenr,th 
change. A closed ended tuhe with isotropic creep 
~ehaviour should exhlhit no creep strain in the long­
itudinal direction when presnurized. With resistance 
to creep lowest In the lonp.Jtuclinal direction, thP 
pressure tuhe shoul cl Ieng thPn. Another median!': i m 
which could result 1n lenp,th change was hecoming 
evident, - irradiation growth. 

Creep is slow rleformation as a result of applfrd 
stress. lrraclfation growth Js deformation due to 
fast neutron flux wt.th no applied stress. nuring thP 
late 19fiO's, interrst in lrrncliation growth w:is 
incrensing and a numher of experimPnters In the IJK 
and IJSA were sturlyinr the subject. Early results in­
d1cated length fncreasrs were usually fn the direct­
ion of working in colrl-worked materials, hut rc>sults 
were scattered and the mechanisms were certainly not 
understood. Tuhes in the NRlJ loops were carefully 
measured before i.nstallation hut measurements on 30 m 

assemhl ies of active material were for the most pnrt 
inconclusive. One loop tuhP and measurements in NPD 
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ThP Chalk River Lahor.1tories wc>re producinr, ri lot 
of lnformAtton on 1n-re;ic·tnr creep, nnd V. FidlPris 
w.1 s In cont net with nPrirl y al 1 tlir• c-ontrihutors to 
the pool of information ncc11mulatfng internationril ly 
on crc'ep and r,rowth in a reactor environment[7]. llis 
efforts were well rewarded when personnel workfnp, on 
thr lbnford N-reactor (with col<l-worked Zirca] oy-2 
t 11hPs) cont;1cte<l him to report elongntlons of 25 IT'm 
(1 lnc-h) at the centre or a dish-sh:iped distribution 
over the face of the reactor. It was conc111sive 
evidence that anisotropic creep and/or growth in the 
lonrltudinn1 direction w.ts significant and was now a 
deslr,n consideration. 

The N-re;ictor h;is 1004 Zircaloy-2 pressure t11hes 
of 83 mm IO. The tuhes had elongated during 12 years 
of operation in proportion to accumulatPd chAnnel 
power outp11t. Tubes of different fabrication methods 
h,1d elonp,ated different amounts. A cooperative prop,­
r,1111 •emerged where Canadian experience and ecptf pmC>nt 
com!-, l ned w:I tit ll,1n ford experience ;ind mer1surPmC'nt s 
from a re:ictor full of highly irradL-ited specimens 
rPsul tec1 in the first r,ood understandinR on thC' 
rPl.1tlon of creep and growth to fabrication variah1es 
I 8 I. 

t-:Ar] icr work at CRNL lwd already shown ln-re,1ctor 
creep increased with increased cold work. Stress 
rf'.'laxatlon tests on hent heams, which showed a linear 
r£'L1tion hetwcen loadinp, stress and deformation, and 
,111!.1Kial cre<>p test res11lts, which showed an almost 
1 I ne.1 r relnt 1 on through the tension-compres1don 
rPp,lme hnd provlde<l the evidence that for enp,inerring 
p11rposc>s, in-reactor creep and irrad f.atlon growth are 
,qcfcfltive. 

The 1970's was a period of conRolidation and 
npplic:itlon. Of most importance, new design P'luat­
ions were form11lc1ted for the v.triom; m:1teriali=; used 
j n the fuel channel. The f'quat.lons were becoming more 
complex. Information from low temperature tests 
(mostly on c;ilandria tube materials) and from pres­
s11re t.uhes with organic coo,lant in WRl at Whiteshell, 
h('l ped in establishing tpmperat11re dependency from 
room tempeeat11re to 400°C. Once the extent of 
dcformatlon was estimated, allowancei:; for deformation 
coulrl be made. As the reactor coni:;truction program 
prop, ressed, des lp,n clwnges were incorporated in new 
tml ts such that a creep lifetime of 30 to 40 years 
would he achieved. 

ln the early 1970's, there were interests ln n£'w 
alloys with hip,her strength. Vario11s alloys were 
f'X:imined. Efforts event11ally focused on an Alloy 
i<lPntified at CRNL As F.XCF.L (Zr-3.57. Sn, 0.8% Mo, 
0.8Z Nh). F.XCF.L offers higher deslr,n stress hence 
tl1inn<'r tuhe wall, and hetter creep resistance than 
c .w. Zr-Nh. With pood creep resistance <lesirn 
complication associatr<l with large allowances for 
df' format :I on are avoided. Experimental tu hes have 
h<>£'n produced ;incl loop tuhP assemblies are currently 
operating in NRU. 

The early reactors, however, W<'re designed and 
hd l t without know:! ng th Pre wns such n thing as flux 
f'nh:rnced crC'<>p ;'Ind i rr:1d l;ition r.rowth. Douglas 
Point, Pickering A and the first Bruce A units could 
not accommodnte all of 
the hip,h cref'p rates. 

the deformat ton predicted by 
l ncrease in d lameter would 

mf':tn that the pressure tuhe would expand and sq11eeze 
th£' crntral spacer sprinr, betwPen the pressure and 
cal:rndrla tuhes. The creep sag analysis indicated 
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thnt tliP clrnn1wls with only two crntrc1l sp.1crrs W< 111ld 
snp, hetweC'n s,,.,c·C'rs c1ncl to11ch tlH• e:11 :rndr1 ,1 t11hPr. • 
Thc- operators W<·rC' forpw,1rn0d, inspPctlon equf rl'1P11t 

which could mNtsure chnnp,C's existed, and · re:ictor 
heh;iviour could hC' assessed. 

With signiflnrnt elonrntions likely to 0cc1ir, 
C1H1Rey and Ross-Ross df'VPlopPd. s·l mple c:omput Pr an;11 y­
ses to estahUsh the proh;th]p londs on the Pnd stops 
if and when clP:1rancf's decre,1scd to zero. Causey ;rn,-J 
!lacl~wen later de_,veloppd a model to simulate the whole 
renctor[9]. Th£> central high flux clrnnnels wonld 
u1kr up clear;incPs fin::t c1nd p11sh on the end-shl0ld 
which would in t11rn load the c:ilnndr1a tuhPs wltfch 
tie the end shlelcls top,PthC'r, This type of an:1lysls 
was valuahle in prPd ictlnp, the conspquences of htp,h 
creep strain ancl thPn !dent i fying how hest to h:rnd I<> 
it. There was ~nod coordination and cooperation :111,1 
such i nformat Inn w:is freely PxchangPd hetwf'en 
exprrimenter, dcsip:r.n>,r :1nd operator. 

The experlm<'nt,11 prop,r.,ms nt CRNL and l.'NRE hn<1 
procluced a p,rf':it rlC'nl nf val11:thle information, hut 
thf're were aspects th;:it could not he C'.1si1y ol-,t;iln<'cl 
from thr rese:ireh rc>.1ctors. On]y the power renctnrs 
could providC' the long-term informntion needed to 
determine the vc1J ldity of the design equ;:it1ons .1nd 
analyses of reactor hehaviour. 

DELAYED HYDRIDF, CRACKlt-:G 

Tn August 1974, ro11tfnp checks .In Picker:lnp, Un.It 3 
revealed that henvy wntPr wns leaking into the systrm 
that circulated dry nitrog<'n p,ns for corrosion rf'sls­
tance through the annu 1 u:c; he tween the pressure nnd 
cAlandria tuhf's. Chf'mfc;i] analysis identified the 
water as coolnnt rrom the primr1ry heat trr1nsport sys­
tem and not mocl('rf!tor WAtPr; th11s indlc;itl.ng thC' lf':ik 
was from the f11el chnnnf'l, With difficulty, the lPak 
was located ;ind the fuel ch;:innel w;is replaced (Le., 
pressure tube, end-fittings and central spacers). 
ProcC'dures to dry 011t thf' r,.1s ;rnn11l11s system wC'rf' 
unsuccessful. A continur.d high col1ection rat£' led 
to the unpleasant conclusion that there must he mor~ 
leaking tuhes. 

Dur! ng Aup,ust and f':lrl y Septemher the cause of thP 
]eak:ige was still not known ht1t one of the strong 
points of the Can;idlrrn 1111cle.1r pow£>.r program was :11-
ready emerging, i.e. thf' .1h!l lty to organize Itself 
and react when trouhlE's occur. Before the first 
channel was removed, the radiation snfety, security, 
transport, and numrro11s ot hf'r service groups from 
Atomic Energy of C:tnacl;i ,1ncl Ontario Hydro, who. wC're 
familiar with the trnnsport,1lnn of hip.hly radioactlVC' 
components, were heing orp:anlzed. The components 
were moved hy special transport In heavy shi<'1ded 
flas1's to the Chalk River Nuclear Lal-,oratortes where 
numerous facilities exfst for handllng radioactive 
components. 

Ry mid-Septf'mher, prPss,ire tests had confirmC'd the 
leak to he in the pressure tube near the end fitting 
at the coolant inlet end of the channel. At this 
point C;rnadfan industry J,ecAmf' deeply involved; a 
tenm from Cann<lian Gen£'rril F.1C'ctr1c, who had extcns­
ive experience in the dPslrn and devplopment of roll­
ed joints for CANOll reactors, was cnlled in to h£>1p 
with the investip.atlon. At first, ft wns suspectP<l 
that the rolled joint hAd loosened an<l ber.1111 to lri-ik. 
However, after f'Xtensive ultrasonic tf'stinp: :ind 
dimensioning of the joint hnd heen completed, the 



tlie stainless steel end fitting was cut awny from the> 
tuhe. Three cracks, ahout 18 mm long, in the tut-ie 
were revealPd. Dimensional checks on the rolled 
joint revE>aled that the rollers used during fahricat­
ion m11st have extended heyond the pnral.lP.d part of 
the end fitting producing an "over-extended" jofnt. 
The roll:fng tools used during tuhe installation were 
located and tested. The badly worn tool produced ex­
tremely high rf'sidual tensile stresses. The stresses 
approached yic-ld strenr,th. fly late Septemher the 
first major clue as to the cause of failure had heen 
found. With the n11mher of leaking channels fncreas­
inr, alarmingly during September and the discovery of 
cracks, tt was real lzed that the investigntion into 
the cause of t·he crncks, and the nctions required to 
correct the situation was a joh of major proportions. 
Al though cooperat fon he tween various groups had heen 
extn,mely good, a coordinnting commit tee (hended hy 
J. Inr,olfsrud of /\ECL and /\. .Jackman of Ontario 
Hydro) w;rn set 11p e11rly in October to direct the> 
InvPstlr,atfon and repair work, set prforftlPs, insure 
thrit ril 1 resources which could he of vaJ 11r to the 
lnvPr.tigatlon were e-n]isted and ;woicl d11plicatlon of 
c>ffort. Coordination was thro11gh Dunn at AF.CL 
~hPrlrlnn P,1rk, Ross-Ross at CRNL, Mitchell Rt Ontc1rlo 
1/yclro, Towr,ood 11t Pickering and Hunter at CGF:. t!.-tny 
contrlh11tfons were m;idc. P.xmnini:1tion of the oxidfz<>d 
crrick surfRc.e led D11tton, Amhler cind P.1 ls to the 
conc.ltrnfon th.1t the matPrlal had fa:l]e<l as a result 
of 'dc>layed hydride cracking', a crackfnr, mechanism 
that was almost unknown and barely understood. 

Mc>tals thnt form brlttle hydrides can fail hy 
'cklnyed hydride cracklng'. Hydrogen dissolved frorn 
hydri<lPs mlr,nite (or diffuse) up a stress gradient 
and preclpltatl:' at a stress concentration (the crack 
tip) 1m hydride. If the stress is hiRh enough, the 
hyd r I <IP cn1cks, the craC'k length is ex tended, and the 
sequences is then repeated. 

TimP J.c; required for hydrogen to migrate to a 
stress concC'ntration and for the> hydride to nuc1eat<>, 
prow nnd crack. This is the inc11hatlon time> for thP 
initiation of crackfnr,. The time hetween the p,row­
f nr. steps is usu a 1 J y shorter tlrnn the incuhat ion 
pc>rf.n<l. The> fncuhntion time and the rate of crack 
r.rowth are dc>pf'ndant on the rate of acc.umul at ion of 
hyclrogl.'n which in turn is dependc>nt on diffusion and 
soluhil!ty of hydro,ten. The velocity of R growing 
crack Is almost fndc>pendPnt of stress distribution at 
the crack tip (usually defined as the stress intens­
ity fnc tor). 

From the a hove invest lgnt ions [10 J, it was concl ud­
ecl thnt thE' h;rnic cat1RI'.' of the cracks was the high 
res l cl11nl tens 11 e strPsses in co1nhinnt:lon wf th Jong 
perlocls with lhf' c.oolnnt and tuhf's co]d. 1'he hydro­
gen normally found in pressure tuhes (ahout 10 ppm) 
rnfp,ratPd to areas of hir,h residua] stress on the inn­
er wall where the stress intensity factor at some 
discontinuity or small defect was high enough to 
initiAte crackfnr,. Crack propagation was hy fracture 
of hydrides which are brittle when cold. The cracks 
prop.ressed outward as fnr as the compressive zone 
under the huh of the rol lc>d Joint, and :Inward as for 
as the zone of zero reslrlual strPss in the> pressure 
t11he. Once fnit.tatrd and of a sf?.e greater than the 
sfze of the incipient C"racks found on the inner wR]l, 
the cracks proceeded tlirour.h thr tuhe wnl l hv the 
rc>pented format Ion rind frncture of thf' hydrid~s Rt 

thr tip of the> C"r.-ick whf'n the he.1t transport systrm 
w.,s co]cl. Wh<'n the system was hot, the hydrogen wns 
In solution and crack p,rowth did not proceed. The> 
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p.rowth of the> crack r.rowth was dfrE'ct]y re1..-•trcl to 
thf' re;ictor opr-r.1tfng history. Tt was was concludrcl 
th11t all cracks ha<l orf r.fnatf'd early in the It fe of 
thP reactor hr•fnre sfp.nfffcrmt r-:trf'ss relaxRtion li.1d 
occurred. Cracking rnny have Initiated during commls­
sion:fng when !:hf' rr•slrl11al r-:trrr-:sf's were hJghei:;t :incl 
the tuhes were s11h_ic>ct to additional stresses durtnp. 
pressure and thermal cycles. 

The rollc>d joints In Pickering Unit 4 h:iil hf'c>n 
made using the snmc- tools ;rnd procedures :rn llnlt J. 
In }'ay 1975, water was found In the ras annulur-: sys­
tPm indicatinr, llnft 4 also had crRcks. Press11re 
tuhes, end-f1ttinp,s and central spacers Wf're removed 
and new components Installed in 17 fuel clrnnnc>ls fn 
llnft 3 and 52 in llnft 4. Only a few channels had 
through-wal 1 crackr-:, most t11hc-s removed had cracks 
part{a11y throt1r;li the> wall. Th0se cracks were locat­
ed hy NDT tE>c.1111 I (J•ir>. Most of the components removc>d 
from llnits 3 and /1 tvPrr.' shipped to CRNL for exam1rnlt­
ion, testing and disposal. 

D11r:fng the ro]llnp, operritlons In Pickering llnitr-: I 
to 4 and Tiruc.e 1 ancl 2, the clrinp.er of over-c>x tens ton 
had never heen forrs0rn nnrl the> rolling proce<l11re did 
not speciffcal Jy prevrnt ft happening. Current pro­
cedures exercise careful c-ontrols on the rolling tool 
and its locntfon. llnHs I And 2 have Zfrcaloy-2 
tuh<>s. ZircAloy-2 is rilso suscr>ptihle to delayed hy­
dride> cracking hut ZlrcRloy-2 hRs a lower yic-ld 
strength and hence lower residual stressc>s after 
rolling. No trouhlc> was expc-rlencE'd in llnits I and 
2. In 1985, one more c .w. Zr-Nh tuhe hRd a through­
wa 1.1 crack (prol->ahly lnftfateci at the same time ns 
the crac.k investigated In 1974) which leAked, and the 
tube was repb1ced. 

The c.w. Zr-2.5% Nh tuhes in Bruce Units 1 an<l 2 
had al so hern ins t,11 l eel in I 972 and 73 with over­
extended jol nts, hut the joints had not yet hec>n 
taken 11p to temperature. Inspection for cracks 11sfng 
an erldy-current typP of prohe in 1974 indicate<l no 
cracks had initf Rtc-d. The residual stresr-:es were> 
reduced by stress-rel Jc>vfng the> over-extended rer,ion 
of the rolled joint hy insertion of a special henttnr, 
col] in early 1975. In 1982 and 83, three tuhps ln 
Bruce 2 were remove><! after leRks were detecterl. 
Tests on smal 1 spef'fmpns harl rlc,monstratPCI very long 
:lnc11hation pc>riods at room tempc,rature hefore cnick­
Ing is initiated. It is hel!Pved a few indplc>nt 
cracks may hnve exfstc>rl hut had gone undetec-ted nt 
the time of the Pdciy-c11rrent Inspection or originntr-d 
aftc>r the inspection, hut before the stress-reliev­
ing I 111. 

The t11hes in Pfckertnr, and Rruce wlth through-wnll 
cracks had lenked, hr('n d<>terte<l ,rnd then removc>rl 
thus supporting the 'leak-hefore-hreak' concept. , 

Although the cracldnr, as experienced in Pickerlnp, 
Unlts 3 and ,, could easlly he avoided by proper roll­
Ing, the exprrience hnrl much more important impl fc'nt-
1 ons. A mechanism hnd E'merged which could cause zf r­
c-on f um alloy componc>nts to faJ1. DelRyed hydride 
cr:1cking received cons:lderahlc> attention Rt Ontario 
Hydro, CRNL and WNRI~ and results of many studies were 
pu h l is hed, e . g • , [ 12 J [ 13 J • 

Tn August 1981, a cold-workc>d Zircaloy-2 pressure 
tuh<' in Pickering Unit 2 ruptured. Coolant was hefnp, 
lost (suhseq11c11tly PstfmntPd At a rate of 17 ]ftrf's 
pE'r second) from the primary hf'at transport systf'm. 
The reactor was shutdown usi np. normal procedures. 
No safety systems were activated. 



Once ngafn n coordinated effort hy Ontario llydro 
.1nd i\ECL was Jnitiated to investir,1He the c-ausC' of 
r11pture. Th<> conclusions of the invc>stiglltion idPnt­
i fied two slr,nfficant f;ictors - first, the hydrogpn 
content in the tuhe was higher than expected and sec­
ond, one central spacer was well 011t of position( 14]. 
As a result of corrosion, the Zircaloy-2 pressure 
t11he had 11hsorhed much more hydrop,en (lls deuterium) 
th;in predicted. With a central spacer out of posit­
I on, the prPssure tuhe s11p.ged (hy creep) llnd hacl con­
t.1c tPd the cal ;indria tuhe over a lonp. length. Upon 
i-ontact a steep temper;it11re gn1dient was created• 
Hydrogen in the tu1'e mfr,r;ited down the temperature 
p.rac!Jent. Hydride 'blisters' formed at the cool 
points of the pressure tube. Cracks orl.p.1nated fn 
the '1'1isters of hnrd hrittle hydride, and grew hy 
the clelayecl hydride cracking mechanism. A series of 
crncks formed intermittently along the cont;ict line 
hut not throup;h the wc11 l. The series of growlnr, 
,r;icks producPd a fault p.reater tl11rn criticRl crack 
length Rnd nt some point the remc1infng weh fai lee! 11nd 
tlH' i-r,1ck ran to product? a 2 m lonp. split. ThP dis­
charr,inr, cool:rnt did not rupture the calRndria tuhe 
hut lPaked through the hearing at the end-fittings. 
Thc> clefect did not 'lenk (and he detected) hefore 
b r <' ;i k ' . Ch I:' n d l e , F't e 1 d , nu n n and P r ice 1 e d the 
invrstlgnttons and an excellPnt series of papers 
dPallng with 1111 aspects of the failure and dE'biyed 
hyc!ride cra,k1 ng were pr£>sented at a CH11'1 Conference 
In Qu£>hec City in 1985(15]. 

The pressure t11he r11pt11re created new impl Jcat-
i ons. Another form of delayed hydride cracking had 
h<'Pn founc!; high hydrogen content al onp. with a high 
tc>mpPrc1ture p.rnclient is a 1'ad comhination. i\l though 
th<' central spacer t-e[ng 011t of positl.on allowed pre­
mc1t11re cont Act, channE'lR with only two spacers (Pick­
ering 1, 2, 3 and 4 ;ind Rr11ce land 2) will eventual-
] y experience contact. Contact sho11ld not occttr fn 
th<' later CANOU's with four correctly located spacers. 

A cold-worked Zr-2.SZ Nh tuhe ~,ich had snggpcl and 
hncl heen In cont;ict with its calandria tube showed no 
<'Vldence of hydrogen accumu1ation[l4]. Hydrogen con­
cPntration was low indicating Zr-Nh may not 1'e as 
suscept i hle to 'hl is ter' format ion as Zi rcaloy-2. 
Cold-worked Zr-2.5% Nb has performed well, and a good 
understand Ing of the c!el;iyed hydride cracking mechan­
f sm hns hPen gained. r.ontlnuinp, R&D along wlth 
prrlodic t11hP inspections :me! removt1l of pressure 
t11h<'s for testing and destructive examfn;itlons should 
insure that good performance will he maintained. 

TllrlF INSPECTION flNO R~'.TUBING 

The first lnspei-tion system for 83 mm tubes was 
clc>veloped hy Koehl<'r and Ross-Ross ;ind was used in 
r;Rll and NPn in 1%3. The hasic tPcltniques for in­
specting t11hes had been estahlishedl3]. Surface 
rlefec-ts, clinmetf'r c1nc! straightness were mensured and 
viPwlng was done uslnr, horoscopes. The system was 
port11hle and used in pressure tu hes in WRl, Do11r,l as 
Point, KANUPP, RAPP, PRTR and N-reactor. With the 
nclvent of the PickerinP, Units, Ontario Hydro nec>rled 
e'lui pment. The first Ont11rlo llydro f.nspection syst<>m 
wns an improvec! version of the CRNL sys tern. These 
fnnpection systems were only used during periods with 
the re;ictor slH1tdown ;ind the tuhe dr;iinerl and empty. 
rnrly concPrn ahout c!amar,e to tuhes hy the fuel prov­
C'cl 11nfounded, .1nrl inspection programs redirected with 
c>mpltasis on securing creep information. 

In 197l1 nn 11ltr,1so11Ic techniq11<' was introducerl 
to look for cracks in the rolled joints in Pickering 
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Unit 3. A ]atPr c!('VPlopment nl lowpd installation of 
an ultrasonic- cJ,,vlc-P fnto n ch,11111Pl without drc1fninr, 
or defuellinr,, hy lo.1clinr, the C''ltdpmrnt into a fuell­
ing m.,chine. The f11Pllfng machine rC'moved thc> clos­
ure and shield pl11p,s in the selected channel ,1nd 
inserted the inspC'ctfon devlce ;ind a special sc>al 
plug. 

With the ttltrasonfc specf;ilists involved wfth 
Pickering cracks, the eddy-cttrrent specialists nt 
CRt-;L developed devfcps for inspecting the rollPcl 
joints in Rruce. F.ddy-c-11rrent devices were latrr 
developed to measure the pnp hetween pressurP nn<l 
calnndria tuheR ancl to locilte the cc>ntr;il Rp.1cc>rs 
(16). TV viewing replaced the cumhersome horoscopPs, 

Ontario Hydro developed a new system in the early 
1980's for in-chnPnC'l inspection; equipment was 
mounte<l on the fuC'llfnr, mnrhine hrJdge[17]. ,\ftf'r 
Installation nnd set-op, the systf'm w,1s contro11<'<l 
(mostly hy computer) from outside the reactor vault. 

The orlginrtl Ont;irlo llydro progrnm for p.a11pfnr. 
power reactor pre:-s11rp tuhes was prtmnrily :dme<l ,1t 
preclicting when t11hrs hlld to he repl.1ced. Thus only 
infrequent (Rhottt PVPry 5 y0c1rs) were propost><l to 
satisfy operating rrnci llct>nslng requirements; mt1ch to 
the chagrin of those nt CRNL and Sheridan Park who 
looked forward to long ~erm creep datR. Ourinp, the 
70's, creep and growth pre<lkti.on and the cracking of 
Pickering tuhes accelc>r.1~Nl Ontario Hydro's intPrest 
in gathering dat;i. Pickering and Bruce inspect tons 
are now producing some of the hest long term d;ita 
avatlahle on diametPr, Ieng th change and sag. 
Results generalJy confirm the early predictions and 
analyses. Operntors nrr now ahle to tRilor the oper­
ations to secure maximum creep life from the fuel 
channels. 

In most instances, c1dvanct"mPnts In the relia1'11ity 
and usefulness of inspection devices has gone hand in 
hand with post-removnl rx;imlnc1tions of pressurE:' 
tuhes. Tn the e,1rly c!nys, inspection d,1tc1 was check­
ed hy post-removal c!imPnsfoning and replicas of sur­
face damage. More recently, interpretations of crack 
charncterlstics hy NDT have heen _1udr,ed aratnst 
destructive examinations of real cracks and blisters 
removed from reActor tuhes. 

Whereas end of l f fe of a pressure tuhe due to 
dimensional chanj?e Is reb1tlvr>ly straight forward, 
future developments in NDT, aimed at detecting 1111y 
changes in metallurp,fral chRracteristlcs such as cor­
rosJon, hydrogen content, effects of neutron homh.1rd­
ment, will definitely henC'flt from the tube surveill­
ance program which provides for periodic removal of 
tuhes for examination. 

The life of a pressure tuhe is uncertain hut ls 
cons.Ldered to he l fmitPrl hy creep deformation And 
could range from 20 to 40 years <le pending on deta 11 s 
of each reactor design. Current reactors were 
designed for 30 year lifetime. 

Re tuhing can he done. Over 70 tu hes have been l n­
s talled, irradlc1ted nnd removed from the Cnnadlan 
test reactors NRU, NRX, WRl and from NPD. Tn J9nR, 
one pressure tuhe anrl one rali'lndrt11 t11t-e were repl;ic­
ed in the Douglas Point reactor hec,1use of damape to 
th€' calandria t11he c-:iusC'rl hy fa11l ty installRtlon of a 
hooster rod. In 1974 and 75, 17 anrl 52 tuhPs were 
removed from Pickering Units 3 nnd 4 ~ec;iuse of 
cracks. Ounn and Munioch pl AyC'd a l enrl ro 1 P in 
design and development of Improved systems for ch/lng-



jnr, fuel ch,rnnel components. Shielding cnbinets were 
placed on the fuelling m.,chine platforms to reduce 
the radiation fields in the wor-k area. The bridge 
system moved worker-s and tools to the desir-ed locat­
ion. The operat[ons at Pickering under Towgood went 
ext r-emely well. Unit 3 was returned to service fn 8 
months and Unit 4 in 10 months; it w;is an am;izlng 
engineering achievement when it is realized that the 
h:rnic cause, del;iyed hydride cracking, was virtt1ally 
unknown fn the hC'ginning. The whole progr.1m w,1s a 
fine example of the effectiveness of good teamwork. 

Durfn~ the early days of the Pickering fnvestfgat­
i on, when the m1mher of cracked tubes was increasing 
alarm1np.ly, preliminary plans were formulated for 
completely retuhing a rerictor. Fortunately, such 
steps were not needed. Procedur-es for sin~le t11he 
removal were we] I estahlished and pressure tuhes have 
h<'<'n rPmoved from NPD, Pt ckeri ng and RrucE> e f ther 
~ecause of damage or cracks or as part of a survefll­
ancC' program. 

Tn the lc1te 1970's, it wc1s hecoming evident th:it 
ret11hing of the early reactors, i.e., Pickering Units 
1 to 4 and Bruce Uni ts 1 to 3, which were clesigned 
and con st rue ted he fore the consequences of creep and 
r.rowth were fully unrierstood, would event11:1lly he 
requi reel. Ontario llydro with assi.st.1nce from SPAR 
Aerospace, AECL, CGE and other Canadf:1n industries 
developed plans for Large Scale Fuel Channel Replace­
ment[l8). The basic system assumed reasonahly high 
racl1ation fields would exist in the reactor vault. A 
larp,e shielding c;ihinet mounted on the fuelling mach­
ine hridge assemhly would house turrets of tool pack­
ag<'s that could he operated remotely from a control 
centre outside the vault. 

IHth the rupt11re of a ZI rcaloy-2 tuhe fn Pickering 
Un It 2 and know! np. that there was the potent !al for 
other t11hes to rupture in a similar manner, :1nd know­
ing that tuhe life was limited by creep and p.rowth, 
tlw f11ture of these units was caref11Jly assesse.d. 
Units l ;ind 2 had been down for some time and radiat­
ion fip)ds were low. Extended life related to tuhe 
elongation could be achieved hy jacking the fuel 
chnnnel assemhly to an outhoard position which would 
a 11 ow maximum 11se of the hearf.ngs on the end 
fittinP,s, hut this operation involved a fair amount 
of sliut<lown time. ln March 1984, the decision was 
m:ide to proceed with ret11hing of Pickering Units 1 
:incl 2 using tools and schemes that were simpler than 
those h11sed on the orlgin;il larp,e scale concept using 
mostly remotely operated equipment. 

SUMMARY 

The decision in 1956 to base the CANDU power 
reactor program on the pressure tuhe type was a hold 
one for little was known at that ti.me ahout the per­
formance of zirconium alloys as a structural mater­
ial• Tt wns a wise one hecause small is heautiful, 
;ind the R&D fac f Ii t i<'s at CRNL and WNRE were wel 1 
eC'(ufpped to handle the relatively small pressure 
vessel - thP pressure tuhe. With world class fac!l-
1 t f PS, 1t dfd not tr1ke long to develop world cl ass 
Pxpertise, and Canada wns soon a leader in zirconium 
technology. Canada contributed to and henefftted 
from the pool of information helng developed inter­
n11tlonally. 

IJnexpectNI prohlems occur :In any program as exten­
sive> as CANOll nuclrar powc>r; the capnhilfty to idtc>nt-
1 fy ;ind solve prohlems quickly was essentinl to the 
program. The coordinated program conducted hy 
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experts represent. tnr. op<'r.1tor, fahricator, desip.11Pr 
and developer, pffC'ctivC?ly found engine<'ring solut­
ions to the crack and. creC'p prohlems. Such prohlems 
can he avoided hy design and installation procedures. 
The experience from one rPactor or incident is henC'­
f.icic1l to the n<>xt :rnd the fuel channel design and 
s,1fety criterin WC'l"P periodic.ally reviewed and 
improved. Fut 11re n•ac- tors wt 11 hE> desir,ned wt th 
c,Heful attention to fuel channel removal and replace­
ment. 

The fuel chan11Pl module and th<' f11elling machine 
bridge concept hel pPd to make th~· horizontal. pressure 
tuhe type of re11ctor e,isy to Inspect nnd m;:iintnfn. 
Development of lnspectLon and malnten1-1ncE> devlcps 
also henefitted from the small size and simple sh;ipe 
of the pressure tuhe. 

Cold-worked Zr-2. ':i wt% Nh lrns pc>rformed W<'ll; the 
faults experiencrd t-y tuh<'s were not d11P to m.,terinl 
deficiencies. Much hns hPrn Jp;1rne<l ahout the 
detrimental effects of hy<lrogen, :md 1-11 thour.h 
hydrogen pick-up h:is f..C'en low, continued efforts r1r£' 
heinr, expended Jn r1n attempt to foresPe nny 
deficiency that mlr,l,i- arise as., result of Jong 
exposure of tuhes to R reactor environment. Periodic 
inspection and periodic removnl of pressure t11hes 
from the Pickering n1Hl Rruce reactors sho11] d t-e of 
great value fn detPctinr, any ch:rngc> that could 
indicate a metallurr,11:11] limit to the life of a t11he. 
Although cold- worked Zr-2.5 wt% Nh has performed 
well, there is interpst in new alloys. Tuhes of 
zirconium with additions of tin, molyhdenum and 
niobium which have higher strength and hetter creep 
resJ.stnnce, are now operating in the res('.1rch 
reactors. 

CANDll has clone much to demonstrate Canrirl lc1n 
scientific and eng1nePrlnp, cr1pahility. The coonlfn­
ated effort of a gov£>rnm£'nt fonded R&D estahl lshment, 
Canadian industry and the ultim;ite user of the tech­
nology has proven to hp extremely effective; CANDU is 
also an economic Sl1CcPss. The proving of the pres­
sure tuhe is hut an ex.,mpl<' of how the various R&D 
tenms were effective ln clPveloplng their own progr;,ims 
and drawing on the resources of the world to achieve 
their goals. The CANIHI prop.mm was mission oriented, 
well focused and very prncluctlve. On<' can only hope 
that the government t1p,enc!Ps responsihle for R&D ln 
Canada, and Can:1dlan industry who st,1nd to enjoy thP 
henefits arising from good R&D, wU 1 in the years to 
come, learn from the C.ANDll experience. Perhaps 
Canada with its limited resources can continue to 
produce winners. 
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