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RÉSUMÉ 

On a rassemblé, dans un manuel pratique, des renseignements provenant de la 

documentation sur les caractéristiques du combustible CANDU (CANada 

Deuterium Uranium) usé des réacteurs de puissance intéressant son comporte

ment en tant que forme de déchets. On présente des renseignements sur les 

quantités de combustible usé produit, la combustion massique, les inven

taires de radionuclides, la libération des gaz de fission, le volume et la 

surface de gaz, la microstructure du combustible, les propriétés de la 

gaine du combustible, la variation des propriétés des grappes de combus

tible due aux procédés d'immobilisation, aux champs de rayonnement, à la 

chaleur de désintégration et aux tendances futures pour divers types de 

combustible CANDU. 
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ABSTRACT 

Literature data on the characteristics of used CANDU (CANada Deuterium Ura

nium) power-reactor'fuel that are relevant to its performance as a waste 

form have been compiled in a convenient handbook. Information about the 

quantities of used fuel generated, burnup, radionuclide inventories, fis

sion gas release, void volume and surface area, fuel microstructure, fuel 

cladding properties, changes in fuel bundle properties due to immobiliza

tion processes, radiation fields, decay heat and future trends is presented 

for various CANDU fuel designs. 
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1. INTRODUCTION 

Since the Canadian Nuclear Fuel Vaste Management Program was established in 
1978, research and development activities relevant to the disposal of un-
reprocessed used fuel have been pursued. An important aspect of this pro
gram involves studies of the leaching and dissolution of used fuel (Johnson 
and Shoesmith 1988). This research has shown that many characteristics of 
used fuel influence its dissolution behaviour. 

The objective of this report is to evaluate and document used-fuel charac
teristics relevant to the performance of the fuel as a waste form. In 
addition to their effects on leaching and dissolution behaviour after dis
posal, these characteristics may be relevant to long-term storage and hand
ling of the used fuel prior to disposal. For example, the degree of fuel 
cladding corrosion during storage in water and the number of defected 
bundles needing special treatment prior to disposal are factors that re
quire consideration. Changes in the physical and chemical properties of 
U02 fuel that may occur during irradiation in the reactor, storage in water 
bays, transportation, immobilization, emplacement and even during aging in 
a dry state prior to container failure in a disposal vault, may all influ
ence its subsequent behaviour. Although a large body of data exists on 
CANDU* fuel, none of it has been assembled from this perspective. In addi
tion to documenting fuel characteristics relevant to long-terra storage and 
disposal, this report may also serve as a convenient handbook covering many 
of the most important properties of used fuel. 

2. CANDU FUEL DESIGN 

This section describes the evolution of the CANDU Pressurized Heavy Water 
(PHW) power reactor fuel bundle design, and describes the various designs 
and bundle fabrication procedures to provide a background for a more de
tailed description of the characteristics of used-fuel bundles. Differ
ences between fuel charges used in commercial operating nuclear generating 
stations in Canada are described, particularly where they could affect 
factors such as transportation, used-fuel immobilization techniques, U02 

and fission-product inventories and fuel-waste container design. 

2.1 EVOLUTION OF THE CANDU FUEL BUNDLE DESIGN 

The CANDU fuel bundle is fabricated from two basic materials: natural U02 

and a zirconium alloy. The U02 is contained in zirconium-alloy (Zircaloy) 
tubes to make up the fuel elements that are held together in a predeter
mined array called a fuel bundle. Lewis (1961) set the stage for the evo
lution of the CANDU fuel bundle -25 a ago when he realized that economic 
nuclear power depended upon low fuelling costs and strict neutron economy. 
Since then, the objective of the Canadian nuclear industry has been to 
develop fuel bundles that are reliable, inexpensive and have low parasitic 
neutron absorption. To achieve this, the bundle has been kept as simple as 
possible. 

* CANDU (CANada Deuterium Uranium), a registered trademark of AECL. 
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The original fuel charge for the first commercial CANDU reactor, the 
22-MV(e) Nuclear Power Demonstration (NPD) reactor located at Rolphton, 
Ontario, consisted of "wire-vrapped" 7-element bundles (Page 1976) in the 
outer zone of the reactor core and 19-element wire-vrapped bundles in the 
centre of the core. The wire wrap vas used to separate the elements from 
each other and from the pressure tube, and to promote coolant mixing in the 
subchannels between the fuel elements. 

The fuel bundle performance experience gained in NPD and the general costs 
of fabrication were used as a basis to modify the 19-element vire-wrapped 
bundle and improve its thermal performance in the 220-MW(e) Douglas Point 
Nuclear Generating Station at Tiverton, Ontario. The spiral vire wrap vas 
eventually replaced vith brazed split-spacers and bearing pads to maintain 
coolant flow distribution. This change was also made because of the possi
bility of sheath fretting by the wire vrap. The bearing pads vere added to 
protect the pressure tube and bundle from vear during on-power fuelling. 
The split-spacer bundle remains the basic design used in all CANDU power 
reactors today. The NPD 7- and 19-element wire-wrapped bundles and the NPD 
and Douglas Point 19-element split-spacer bundle are shown in Figure 1 
(Gacesa et al. 1983). The NPD reactor was shut down on 1987 July 24 after 
24 a of operation, and Douglas Point was shut down on 1984 May 4 after 18 a 
of operation. 

7-ELEMENT WIRE ID-ELEMENT WIREWRAPPED REPLACEMENT BRAZED SPACER 
WRAPPED NPO BUNDLE BUNDLE AS USED IN NPD 19-ELEMENT 3UNDLE 

AND DOUGLAS POINT 

FIGURE 1 : Fuel Bundles Used in the Early Canadian Nuclear Pover Reactors 
(Gacesa et al. 1983) 
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Ontario Hydro's Pickering fuel bundle design uses the same fuel-element 
size as the Douglas Point bundle, but produces significantly more power in 
a 28-element configuration. The Pickering bundle is 92 wt.% U02 and 
-8 wt.£ Zircaloy. The structural material accounts for only 0.7% of the 
thermal neutron absorption cross section of the bundle, resulting in a 
highly efficient use of neutrons. 

The fuel bundles in Ontario Hydro's 750-MW(e) Bruce A, 900-MW(e) Bruce B 
and Darlington, Hydro-Quebec's 600-MU(e) Gentilly-2, and New Brunswick 
Power's 600-Mtf(e) Point Lepreau Nuclear Generating Stations (NGS) have the 
same overall diameter as the Pickering bundle, but contain 37 smaller 
diameter fuel elements. This bundle design is capable of producing 
-1 MW(t). More power has been obtained for a unit volume of reactor core 
by using smaller diameter fuel elements, but this was achieved at the 
expense of a lower uranium/Zircaloy ratio. Minor design changes were made 
to the bearing-pad positions and to the end-cap profile in the 37-element 
Bruce and Darlington bundle because of differences in channel design, 
fuelling machine construction and fuel handling systems between the Bruce, 
Darlington and Pickering reactor systems. 

The bundle design for the 600-MW(e) reactors is similar to that of Picker
ing bundle, except there are 37 elements instead of 28, and the bearing-pad 
positions are similar to a Pickering bundle. This is because the 600-MW(e) 
reactors have fuel channels and a fuelling machine similar to those used in 
Pickering. The 28-element Pickering, 37-element Bruce and the 37-element 
600-MW(e) bundles are shown in Figure 2 (Gacesa et al. 1983). The major 
difference between the 37-element Bruce and the 37-element 600-MW(e) 
bundles is the spacer design. Cross sections of the CANDU fuel bundles are 

2B-ELEMENT 
PICKERING BUNDLE 

37-ELEMENT 
BRUCE BUNDLE 

37-ELEMENT 
600-MW BUNDLE 

FIGURE 2: CANDU Fuel Bundles: 102 mm Diameter x 495 mm Long (Gacesa et al. 

1983) 
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JUL ••«•• T 
N.P.D. 

7 ELEMENTS 

GENTILLY 
18 ELEMENTS 

N.P.D. & DOUGLAS PT. 
19 ELEMENTS 

PICKERING 
28 ELEMENTS 

*2%ft»* 10cm 

BRUCE & GENTILLY-2 
37 ELEMENTS 

FIGURE 3: Fuel Bundle Cross Sections (Page 1976) 

shown in Figure 3 (Page 1976). Fuel bundle design and operating data for 
the Canadian CANDU power reactors are presented in Table 1 (Page 1976). 

The prominent features of present-day CANDU bundles include: 

1. thin-walled, collapsible cladding to ensure good fuel-to-cladding 
contact to reduce the U02 fuel temperature; 

2. high-density U02 pellets to maintain the dimensional stability 
needed for remote, on-power fuel handling; 

3. natural U02 with a U02/Zircaloy mass ratio greater than 9.4:1, 
which promotes neutron economy; 

4. the absence of fission gas plenums; and 

5. a simple bundle structure since the pressure tube mechanically 
supports the fuel bundle and all reactivity control mechanisms 
are external to the fuel channel. 

Figure 4 (Gacesa et al. 1983) summarizes the evolution of the CANDU fuel 
bundle graphically. Table 2 provides some CANDU reactor statistics. 
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TABLE 1 

CANADIAN POWER REACTOR FUEL DESIGN AND OPERATING DATA 

(Page 1976) 

Reactor 
Douglas Picker- Bruce 

NPD NPD Point ing A 600 MW 
A 

Number of Elements per Bundle 

ELEMENTS 

Material 
Outside Diameter, mm 
Hin. Cladding Thickness, miw 

BUNDLES 

Length, mm 
Maximum Diameter, mm 
Number per Channel 

PRESSURE TUBE 

Minimum Inside Diameter, mm 

OPERATING CONDITIONS 

Coolant 
Nominal Inlet Pressure, MPa 
Nom. Channel Power, MW 
Exit Steam Quality, % 
Max. Mass Flow/Channel, kg/s 
Nom. Heat Rating J \ de, kW/m 
Maximum Linear Element 
Power, kW/m 
Max. Surface Heat Flux, kW/m2 

Nom. Bundle Power, kW 
Avg. Discharge Bundle 
Burnup, MW»h/kg U 

7 

Zr-2 
25 
0.64 

495 
82 
9 

82.55 

D20 
7.9 
0.985 

-

6.6 
3.45 

43.4 
560.7 
221. 

156. 

19 

Zr-4 
15 

0.38 

495 
82 
9 

82.55 

D20 
7.9 
0.985 

-

6.6 
2.08 

24.9 
514.1 
221. 

156. 

19 

Zr-4 
15 

0.38 

495 
82 
12 

82.55 

D20 
10.16 
2.752 
-

12.6 
4.0 

50.3 
1070. 
420. 

190. 

37 

Zr-4 
15 

0.38 

495 
102 
12 

103.38 

' D20 
9.6 
5.43 
-

23.88 
4.2 

52.8 
1120. 
636. 

170/185 

37 

Zr-4 
10 

0.38 

495 
102 
13 

103.38 

D20 
10.2 
6.5 

0.8/4.0 
23.81 
4.55 

57.23 
1393. 
900. 

196. 

37 

Zr-4 
13 
0.38 

495 
102 
12 

103.38 

D20 
11.09 
6.5 
-2.55 
23.94 
4.0 

50.9 
1237. 
800. 

180. 

Notes: Zr-2 = Zircaloy-2, Zr-4 = Zircaloy-4. 

Nominal dimensions for elements and bundles. 

The NPD reactor was shut down on 1987 July 24, and the Douglas 
Point reactor was shut down on 1984 May 4. 
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NPD 

KANUPP 
BRUCE 

600-MW REACTORS 

DOUGLAS 
POINT 
AND 
RAPP 

PICKERING 

i 

;E I Li THINNER CLADDING 

CANLUB 

BRAZED SPLIT SPACERS & BEARING PADS 

RESISTANCE-WELDED END PLATES 

RESISTANCE-WELDED END CAPS 

THIN-WALL CLADDING 

1960 

HIGH-DENSITY U0 2 

I | i r i i | i i i i | i 

1985 1970 ÏÎ75 

I I I | I I I I1 | I I I I 

1980 1985 

2.2 

FIGURE 4: Evolution of the CANDU Fuel Bundle (Gacesa et al. 1983) 

CANDU FUEL BUNDLE FABRICATION PROCEDURE 

Over 992 of the mass of a CANDU fuel bundle consists of U02 and zirconium 
alloy. The Zircaloy contains -98% zirconium; the remainder consists of 
alloying elements (tin, iron, chromium and sometimes nickel) plus a few 
impurities. In the current generation of fuel bundles, two other materials 
are present in quantities that make up less than 1% of the mass of the 
bundle: beryllium, used as a braze alloy to attach the appendages to the 
fuel cladding, and CANLUB, a thin commercial graphite coating applied to 
the inner sheath surface, which acts as an iodine getter to prevent fuel-
element failures due to stress-corrosion cracking during in-reactor power 
ramps. These minor constituents could be of importance to fuel repro
cessing procedures involving chemical processes where trace elements may 
have some effect. 

Fabrication development proceeded in parallel with the design evolution. 
Fabrication techniques are simple and, whenever possible, were adapted from 
normal industrial practice. These techniques can be standardized and auto
mated, and the number of different processes minimized. To produce a 
split-spacer bundle, the two basic materials, U02 and Zircaloy, are fabri
cated into six basic components, which, when assembled, make up the fuel 
bundle. Figure 5 shows these six components and the graphite coating on 
the inner sheath surface. Although the fuel bundle designs (dimensions, 
appendage positions, etc.) may be different between reactors (in fact, 
sometimes within the same reactor), the same basic components are always 
present. Figure 6 (Page 1976) shows a simplified flow diagram showing the 
steps used to manufacture the split-spacer bundle. Some of the steps in 
the flow diagram have since been modified (i.e., degreasing - may or may 
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TABLE 2 

CANDU REACTOR STATISTICS 

(P.J. Fehrenbach, unpublished data) 

Name 

NPD 

Douglas Point 

Pickering A 
1 
2 
3 
4 

Pickering B 
5 
6 
7 
8 

Bruce A 
1 
2 
3 
4 

Bruce B 
5 
6 
7 
8 

Pt. Lepreau 

Gentilly 2 

Darlington 

1 
2 
3 
4 

Location 

Rolphlon, 
Ont., Canada 

Tiverton, 
Ont., Canada 

Pickering, 
Ont., Canada 

Pickering, 
Ont., Canada 

Tiverton, 
Ont., Canada 

Tiverton, 
Ont., Canada 

Point Leprcau 
N.B., Canada 

Bccancour, 
Que., Canada 

Darlington, 
Ont., Canada 

Owner 

Ontario Hydro 
and AECL 

Ontario Hydro 
and AECL 

Ontario Hydro 

Ontario Hydro 

Ontario Hydro 

Ontario Hydro 

N.B. Power 

Hydro-Québec 

Ontario Hydro 

Grosa 
Output 

(MW(e)) 

26 

218 

542 
542 
542 
542 

540 
540 
540 
540 

826 
826 
826 
826 

845 
845 
845 
845 

680 

685 

935 
935 
935 
935 

Status 

' Production 

Prototype 
Decommissioning 

Refit 
Refit 

Production 
Production 

Production 
Production 
Production 

Commissioning 

Production 
Production 
Production 
Production 

Production 
Production 

Commissioning 
Construction 

Production 

Production 

Production 
Construction 
Construction 
Construction 

Critically 

1962 

1966 

1971 Feb. 25 
1971 Sept. 15 
1972 Apr. 24 
1973 May 16 

1982 Oct. 23 
1983 Oct. 15 
1984 Oct. 22 
1985 Dec. 17 

1976 Dec. 17 
1976 July 27 
1977 Nov. 28 
1978 Dec. 10 

1984 Nov. 1 
1984 May 29 
1986 Jan 7 

1982 July 25 

1982 Sept. 11 
1989 Nov. 5 

1990 Oct. 29 
1989 Nov.5 
1992 Apr. 
1993 Jan. 

In Service 

1962 June 

1967 Jan. 

1971 July 29 
1971 Dec. 30 
1972 June 1 
1972 June 17 

STATION 

1983 May 10 
1984 Feb. 1 
1985 Jan. 1 
1986 Feb. 28 

STATION 

1977 Sept. 1 
1977 Sept. 1 
1978 Feb. 1 
1979 Jan. 18 

STATION 

1985 March 1 
1984 Sept. 14 
1986 Apr. 10 
1987 May 22 

1983 Feb. 1 

1983 Oct. 1 
1990 Oct. 9 

1991 Dec. 
1990 Oct. 9 
1992 June 
1993 Mar. 

Gross Unit 
Capacity Factors 
1990 September 

64.9 

53.3 

63.9 
59.0 
72.4 
77.5 

68.0 

84.3 
84.1 
85.8 
84.5 

84.6 

77.4 
66.9 
80.0 
78.6 

75.6 

88.8 
83.9 
84.7 
81.4 

85.1 

60.3 
(70.1)" 

* Capacity factors in brackets corrected for grid restrictions 
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no longer be done) or eliminated (e.g., pickling). Details of the U02 

pellet production, the initial and final stages of fuel-element production 
and fuel bundle assembly are discussed in the following subsections. 

FIGURE 5: Fuel Bundle for Pickering Reactor, Assembled from Seven Basic 
Components (Page 1976) 

2.2.1 U02 Fuel Pellet Production 

U02 powder received from the refinery is blended with substances to aid 
pressing and is compacted into "green" pellets. These are then sintered in 
a furnace to convert them to a high-density form. The sintered pellets are 
then finish-ground and prepared for loading into the fuel elements. The 
pellets are normally formed with a slight dish at one end to accommodate 
differential thermal expansion. In contrast to reactor systems requiring 
enriched fuel, all manufacturing stages of natural-U02 CANDU fuel can be 
accomplished without special criticality restrictions. 

2.2.2 Initial Stages of Fuel-Element Production 

As-received Zircaloy tubing for fuel cladding is measured and inspected for 
flaws according to exacting specifications. Once the tubing has passed 
inspection, it is end-machined and the bearing pads and skewed inter-
element spacers are attached by first coating the Zircaloy strip with 
beryllium and then forming the appendages from the coated strip. The 
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ZIRCALOY STRIP 
INSPECT 

PR EPA RE-SURFACE 
COAT WITH BRAZE 

MATERIAL 
INSPECT 

FORM WE'AR PADS 
& SPACERS 

INSP'ECT 

ZIRCALOY BAR 
INSPECT 

FORM END CAPS 
RINSE 

INSP'ECT 

> 

ZIRCALOY TUBING 
B 

INSPECT 
• 

MACHINE ENDS 

& INSPECT 
• 

DEGREASE 
' • 

TACK WELD APPENDAGES 
• 

BRAZE & INSPECT 
• 

GRAPHITE COAT & INSPECT 
• 

LOAD U02 

CHECK END CLEARANCE 
• 

WELD END CLOSURES 
• 

MACHINE ENDS 
• 

INSPECT FOR DIMENSIONS 
& LEAK TEST 

• 

DEGREASE 
• 

WELD BOTH END PLATES 
• 

INSPECT 
• 

DEGREASE & FINAL INSPECT 
• 

PACKAGE 

U02POWDER 
BLEND 
PRESS 

SINTER PELLETS 
GRIND 

WASH* DRY 
& INSPECT 

ZIRCALOY STRIP 
FORM END PLATES 

INSPECT 
DEGREASE PICKLE 

& RNMSE 
STAMP BUNDLE 

IDENTIFICATION 

FIGURE 6: Split-Spacer Bundle Manufacturing Steps (Page 1976). Note that 
some of these steps may have been eliminated or changed since 
this figure was first prepared. 



coated appendages are positioned correctly and tack-velded to the cladding. 
Next, the appendage/tube region is induction-heated to 1060°C in a vacuum. 
This is sufficient to form a Zr-Be alloy braze between the appendage and 
the cladding. To prevent interlocking of the split-spacer pads, the spa
cers on adjacent elements are skewed in opposing directions (see Figure 7) 
(Page 1976). 

2.2.3 Final Stages of Fuel-Element Production 

End caps are prepared from Zircaloy bar. The inner surface of the cladding 
is coated with a thin layer of CANLUB graphite-base coating prior to end-
cap welding and U02 loading. One end cap is resistance-welded to the clad
ding before the U02 pellets are loaded. The original core load for NPD 
employed inert-gas fusion welding for both fuel-element closure and bundle 
assembly. All subsequent fuel bundle manufacturing used resistance welding 
for both end-cap-to-cladding and end-cap-to-end-plate joints. This welding 
method is fast, inexpensive, and can be automated. Following the attach
ment of one end cap, the pellets are loaded into the cladding. Care is 
taken to match the cladding tube and pellet diameters to ensure the speci
fications for diametral clearance are met. The second (closure) end cap is 
then resistance-welded to the loaded cladding tube. This is done in an 
inert atmosphere of helium at atmospheric pressure. Both ends are then 
machined to remove weld upset. Prior to their assembly into bundles, the 
elements are washed in a detergent to remove any surface contaminants. 
Then they are placed in an evacuated chamber and checked for leakage of the 
filling gas. 
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2.2.4 Fuel Bundle Assembly 

To assemble the elements into a bundle, they are placed into a jig, and end 
plates are resistance-welded to each element in the bundle configuration. 
End plates are prepared by stamping them from Zircaloy sheet and machining 
the outer diameter. 

The bundles are washed with detergent, and are rinsed first with tap, then 
with demlneralized water. After final dimensional checks are made, the 
bundles are inspected, packaged and shipped. 

2.3 FUEL BUNDLE DISTINCTIVE FEATURES AND DIMENSIONS 

Since NPD was brought into service in 1962, many bundle designs have been 
irradiated in it and its successors, Douglas Point, Pickering A and B, 
Bruce A and B, Gentilly 2 and Point Lepreau. This design diversity results 
from the continuing Canadian fuel development program carried forward as an 
essential part of the nuclear research and development program. 

Most CANDU bundles are manufactured according to a "model number" that 
defines a specific bundle design. Both AECL and the nuclear utilities use 
a model numbering system devised so that the number itself reveals some 
pertinent information about a particular bundle design. 

CANDU fuel bundles are also identified by a "serial number" stamped on both 
end plates of each bundle. The serial number identifies each bundle within 
a particular model type. The model number is not put on the end plates. 
Three companies in Canada have manufactured CANDU fuel bundles: Canadian 
General Electric (CGE - now GE Canada), Westinghouse Canada Limited (WCL -
now Zircatec Precision Industries Inc.), and Combustion Engineering Super
heat (CES - no longer manufactures CANDU fuel). The last character in the 
bundle serial number identifies the bundle fabricator: "C" for CGE, "W" for 
WCL and "S" for CES. The company monogram is also stamped on one end plate 
of each bundle. 

If the serial number of a bundle is known, then its model number and the 
specific features that distinguish it from all other designs can usually be 
determined. 

The features and the average and nominal dimensional data pertaining to the 
principal fuel bundle types used in Canadian power-generating CANDU reac
tors are summarized in the following subsections. 

2.3.1 NPD Fuel Bundle Design 

The original NPD fuel design was a 7-element bundle, subsequently replaced 
by a 19-element design. The principal variations of. these basic models 
consisted of natural, depleted (0.47 wt.% 235U) and enriched U02 (1.4 and 
2.5 wt.% 2 3 5U - only a few 2.5 wt.% enriched bundles were made); 
Zircaloy-2, nickel-free Zircaloy-2 and Zircaloy-4 cladding; wire-wrap and 
split-spacer fuel elements; riveted (only one bundle model had riveted end 
plates, all others had welded end plates), welded and LS-3 (limited-
strength weld) end-plate/end-cap assemblies; and thin-, medium- and thick-
walled cladding. 
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Table 3 summarizes data for the 7- and 19-element bundle designs irradiated 
in NPD. The dimensions, unless otherwise indicated, are those for unirra
diated bundles. Figure 8 shovs a typical split-spacer bundle design used 
in both the NPD and DcA'glas Point reactors. 

2.3.2 Douglas Point Fuel Bundle Design 

One of the latter NPD bundle designs was selected for the original refer
ence design for the Douglas Point Nuclear Generating Station. That design 
was known as the "standard 6x6 wire-wrap" design since six of the outer 
elements and the six inner elements were wire-wrapped. Other arrays were 
possible, such as "12x1" in which all twelve outer elements and the single 
centre element would be wrapped. However, only the 6x6 design was used in 
wire-wrapped bundles at Douglas Point. 

In general, most wire-wrapped Douglas Point bundles were dimensionally 
similar to the NPD design. Subsequently, the wire-wrapped fuel bundles 
were replaced with the split-spacer design. The replacement split-spacer 
Douglas Point fuel bundle was fabricated similar to the NPD split-spacer 
design with Zircaloy-4 cladding. Data for the Douglas Point bundles are 
also presented in Table 3. 

2.3.3 Pickering Fuel Bundle Design 

Data for Pickering A and B fuel bundles are summarized in Table 4. Unless 
otherwise indicated, the dimensions are for unirradiated bundles. Figure 9 
shows a typical Pickering fuel bundle. 

2.3.4 Bruce Fuel Bundle Design 

There is one basic Bruce fuel bundle design with two major variations: 
fission-gas-plenumed and non-plenumed elements. The plenumed design was 
discontinued after approximately 6000 bundles were made. 

Data for each of these designs are presented in Tables 5 and 6. Table 5 
lists data for the original Bruce A design (37-element bundle with fission 
gas plenum inserts). Table 6 lists only the data that are altered by the 
omission of the plenums for the 37-element bundle without plenum inserts. 
Unless otherwise indicated, the dimensions listed are for unirradiated 
bundles. Figure 10 shows a typical Bruce fuel bundle. 

All the Bruce bundles contain CANLUB. There is an option on how many ele
ments in a bundle are CANLUB; at least the outer 30 elements are CANLUB in 
Bruce bundles. 

2.3.5 600-MW Fuel Bundle Design 

Fuel bundles for the Gentilly-2 and Pt. Lepreau 600-KW(e) reactors are 
basically a Bruce design with the following exceptions: all elements con
tain CANLUB, and the bundles do not have staggered bearing pads at the ends 
of the elements; rather, they have a bearing-pad arrangement similar to 
that of the Pickering bundle. 
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TABLE 3 

NPD AND DOUGLAS POINT BUNDLE DATA 

(J.L. Crosthwaite, unpublished data) 

Bundle Type 7-Element 
NPD 

19-Elemen.t 
NPD and 

Douglas Point 

Fissionable Material 
Sintered U02 

Pellets 
Sintered U02 

Pellets 

U02 Pellet 
Outside diameter, mm 
Length, mm 
Dish depth, mm 
Approx. dish diameter, mm 
Stack length, mm 
Average density, Mg/m3 

No. per element 

End Plate 
Diameter, mm 
Thickness, mm 

Cladding 
Inside diameter, mm 
Wall thickness, mm 
Length, mm 

Zr Wire 
Diameter, mm 
Single-wire length, mm 

Bundle Assembly 
Outside diameter, mm 
Length, mm 

Average Material Volumes 
U02/element, cm

3 

U02/bundle, cm
3 

Total Zircaloy/bundle, cm3 

Material Weights per Bundle 
U02, kg 
Total Zircaloy, kg 
Bundle weight, kg 

24 
22-23 
0.4 
18 
471 
10.3 
21 

69 
1.6-3.2 

24 
0.6 

481-483 

1.3 
474-475 

81 
495 

210 
1480 

210-220 

15.2-15.3 
1.4-1.5 
16.7 

14 
20 

0.5-0.2 
11-13 

477-481 
10.3-10.6 

24 

68-72 
1.6 

14 
0.4-0.6 
485-486 

1.2-1.3* 
470-475 

81 
495 

70-80 
1330-1440 
210-330 

13.7-15.2 
1.4-2.2 

15.8-16.7 

Note: Nominal values reported in table. 

* Later 19-element bundles did not have Zr wires. 
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FIGURE 8: NPD and Douglas Point Split-Spacer Bundle Design (J.L. Cros-
thvaite, unpublished data) 
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TABLE 4 

PICKERING FUEL BUNDLE DATA . 

(J.L. Crosthwaite, unpublished data) 

Fissionable Material 

Structural Material 

U02 Pellet 
Outside diameter, mm 
Length, mm (19) 

(2) 
Dish depth, mm 
Land width, mm 
Stack length, mm 
Average density, Mg/m3 

No. per element 

End Plate 
Diameter, mm 
Thickness, mm 

Cladding 
Average inside diameter, mm 
Average wall thickness, mm 
Length, mm 

Bundle Assembly 
Pitch circle diameter 
- outer elements, mm 
- intermediate elements, mm 
- inner elements, mm 
Maximum diameter, mm** 
Length, mm** 

Material Volumes per Bundle 
UO 2 » cm3 
Total Zircaloy, cm3 

Material Weights per Bundle 
U02, kg 
U, kg (initially) 
Total Zircaloy, kg 
Bundle weight, kg 

Sintered pellets of natural U02 

Zircaloy-4 

14 
23 
22 
0.6 

0.3-0.5 
480 
10.6* 
21 

88 
1.6 

•14 
0.4 
486 

85 
54 
24 

104.2 
497.1 

2100 
300 

22, 
19. 
2. 

24, 

** 

Note: Nominal values reported in table. 
The Pickering CANLUB design is the same basic design as listed above, 
except that the inner surface of the outer 16 elements in the bundle 
a r e coated with CANLUB g raph i t e j -fck ThSrje S u ^ ^ o | nK -tfc e le**^ f* ,-„>J o * ^ ' 

The average U02 pellet density is approaching 10.8 Mg/m
3 and the 

weight of U in a Pickering bundle has increased to about 20.2 kg to 
maximize the uranium loading in the bundles (Floyd 1992). 
Recommended dimensions for irradiated fuel bundles. 
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TABLE 5 

BRUCE 37-ELEMENT BUNDLE DATA (PLENUM INSERTS) 

(J.L. Crosthwaite, unpublished data) 

Fissionable Material 

Structural Material 

U02 Pellet 
Outside diameter 
- outer 30 elements, mm 
- inner 7 elements, mm 
Dish depth (both ends), mm 
Average land width, mm 
Stack length 
- outer 18 elements, mm 
- inner 19 elements, mm 
Average density, Mg/m3 

No. per element 

End Plate 
Diameter, mm 
Thickness, mm 

Material Volumes per Bundle 
U02, cm

3 

Total Zircaloy, cm3 

Material Weights per Bundle 
U02, kg 
U, kg 
Total Zircaloy, kg 
Total bundle weight, kg 

Cladding 
Average outside diameter, mm 
Average wall thickness, mm 
Length after welding, mm 
No. of sheaths with graphite 
coating 

Plenum Insert 
Location 

Length, mm 
Thickness, mm 

Bundle Assembly 
Maximum diameter, mm 
Length, mm 

Sintered natural-U02 pellets 

Zircaloy-4 

12 
12 
0.3 
0.4 

473 
480 
10.60 
31 

91 
1.6 

2000 
300 

21.3 
18.8 
2.3 

23.6 

13 
0.4 
483 

Outer 30 elements only 

Outer 18 elements only, at oppo
site ends in adjacent elements 

6 
0.6 

102 
495 

Note: Nominal values reported in table. 
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TABLE 6 

BRUCE 37-ELEMENT BUNDLE DATA (NO PLENUM INSERTS) 

(J.L. Crosthwaite, unpublished data) 

U02 Pellet Dimensions 
Stack length (all elements), mm 

Material Volumes 
U02, cm

3 

Total Zircaloy, cm3 

Material Weights 
U02, kg 
U, kg 
Total Zircaloy, kg 
Total bundle weight, kg 

480 

2000 
300 

21.5 
18.9* 
2.3 
23.7 

NOTE: Nominal values reported in table; only data different from 
those presented in Table 4 are listed. 

* The avaerage U02 pellet density is approaching 10.8 Mg/m
3 and the 

weight of U per bundle is currently 19.3 kg to maximize the uranium 
loading in the Bruce fuel bundles (Floyd 1992). 

3. QUANTITIES OF USED FUEL 

The currently stored, and projected arisings of used-fuel bundles from 
Canadian CANDU reactors define the waste inventory that must be managed 
over any specific time frame. This information is essential to the plan
ning and design of storage, handling, transportation and immobilization 
facilities, the waste-disposal vault design and construction schedule, 
resource usage, and preclosure and postclosure environmental assessment. 
The current used-fuel inventory, an assessment of used-fuel arisings to the 
year 2035, a breakdown of the relevant CANDU fuel designs in use, and in
formation on the known and projected quantities of fuel bundles containing 
defected fuel elements are discussed in Section 3. 

3.1 CURRENT USED-FUEL INVENTORY IN STORAGE 

The current inventory of used CANDU fuel bundles consists of a small number 
of 7-element bundles from NPD (-4200 bundles), 19-element bundles from NPD 
and Douglas Point, 28-element bundles from Pickering A and B, and 37-
element bundles from Bruce A and B and the 600-MW(e) Gentilly-2 and Point 
Lepreau reactors. The annual rates of bundle consumption in the above 
reactors are listed in Table 7, assuming an 80% capacity factor. 
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TABLE 7 

RATES OF BUNDLE CONSUMPTION IN CANADIAN REACTORS 

(J.L. Crosthwaite, unpublished data) 

Rate of Con- Rate of Con-
No. Design Bundles sumption to sumption to 

Station of Bundle Power in 80% Capacity 80% Capacity 
Reactors (kW) Reactor (all reactors) (all reactors) 

(bundles/a) (Mg U/a) 

NPD 
Douglas Point 
Pickering A 
Pickering B 
Bruce A 
Pt. Lepreau 
Gentilly 2 
Bruce B 
Darlington 

1 
1 
4 
4 
4 
1 
1 
4 
4 

221 
420 
640 
640 
900 
800 
800 
854 
854 

1188 
3672 
4680 
4560 
6240 
4560 
4560 
6240 
6240 

1 925 
13 900 
13 700 
25 340 
4 560 
4 560 
25 340 
25 340 

26 
275 
271 
487 
88 
88 
487 
487 

CANDU fuel bundles manufactured up to 1972 did not contain CANLUB; in to
tal, 55 428 CANLUB bundles were irradiated in NPD, Douglas Point and Pick
ering A (Gacesa et al. 1983). The bundles with plenums (-6000 bundles) 
were irradiated in the outer channels of the first Bruce A charge 
(P. Truant, private communication). A small number of depleted-uranium 
bundles is also used during the start-up of CANDU reactors on infrequent 
special fuellings, but this number represents but a very small fraction of 
the total used-fuel inventory (P. Truant, private communication). 

In Canada, most of the used fuel from power reactors is currently stored at 
the sites where it was produced (Table 8). As of 1992 January 1, approxi
mately 828 000 bundles of used fuel from power reactors were in storage. 

3.2 FUTURE USED-FUEL ARISINGS 

As of 1992 March 31, the typical rate at which used fuel was being removed 
from Canadian power reactors was about 94 000 bundles per year. The amount 
of used fuel produced in the future will depend on socioeconomic factors 
(such as demand for electricity, cost of producing electricity by various 
methods, and attitudes to nuclear energy) and technical factors (such as 
the environmental impact of producing electricity by various methods and 
the performance of nuclear power reactors). Thus any projection about the 
cumulative amount of used fuel must be based on assumptions regarding these 
factors. 

One such projection was made in 1985 (Baumgartner, in preparation) to 
provide a reference inventory for the assessment of the Canadian used-fuel 
disposal concept. The estimate is believed to be a credible projection for 
the purposes of the assessment and is based on the following assumptions: 
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TABLE 8 

USED-FUEL-BUNDLE INVENTORY 

(as of 1992 January 1) 

Location Licensee Storage 
Method 

Number 
of 

Bundles 

Bruce 

Pickering 

Darlington 

Point Lepreau 

Gentilly-2 
Douglas Point 
Gentilly-1 

Chalk River Laboratories 
Whiteshell Laboratories 

TOTAL 

Ontario Hydro 

Ontario Hydro 

Ontario Hydro 

N.B. Power 

Hydro-Québec 
AECL 
AECL 

AECL (from NPDa) 
AECL (from Douglas Pointb) 

Wet 
Wet 
Dry 
Wet 
Wet 
Dry 
Wet 
Dry 
Dry 
Dry 
Dry 

396 632 
317 076 

766 
586 

42 332 
5 400 
34 296 
22 252 
3 213 
4 853 
360 

827 766 

« NPD was taken out of commercial service in 1987 May. 
b Douglas Point was taken out of commercial service in 1984 May. 

1. All nuclear generating capacity existing or under construction as 
of 1985 will be maintained. 

2. One additional CANDU-600 will be built in Canada outside Ontario. 

3. The annual growth rate of nuclear-generated electricity in 
Ontario after 1995 will be 3%. 

4. The year 2035 will be the arbitrary cutoff date used to estimate 
future used-fuel arisings, since all reactors built before 1995 
would have completed one full life cycle by that date. This date 
was used to determine the size of the used-fuel disposal vault 
for the Used-Fuel Disposal Centre Study. 

Using these assumptions, the current plus projected used-fuel arisings to 
2035 from Canadian CANDU reactors were estimated to be 10.1 million 
bundles, equivalent to 191 133 Mg U. Because of the uncertainty in future 
trends, the above projection could be out by ±20% by 2000 and ±50% by 2035. 
The annual and cumulative used-fuel arisings up to 2035 are shown in 
Table 9 and in Figures 11 and 12. Assuming an annual growth rate of 3% per 
year beyond 1995, Figure 13 shows the CANDU nuclear generating capacity in 
Ontario, New Brunswick and Quebec between 1969 and 2035. 
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TABLE 9 

PROJECTED CANDU USED-FUEL ARISINGS TO THE END OF 2035 

(Baumgartner, in preparation) 

Year 
(31 Dec.) 

Up to 2000 
2000 

1 
2 
3 
4 
5 
6 
7 
8 
9 

2010 
1 
2 
3 
4 
5 
6 
7 
8 
9 

2020 
1 
2 
3 
4 
5 
6 
7 
8 
9 

2030 
1 
2 
3 
4 
5 

Annual 
(Mg U) 

2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 

__ 

537 
642 
713 
786 
862 
950 
020 
102 
188 
274 
364 
457 
553 
651 
753 
857 
965 
075 
190 
307 
428 
553 
681 
813 
950 
090 
235 
383 
537 
696 
856 
026 
198 
375 
561 
748 

Cumulative 
(Mg U) 

35 
38 
40 
43 
46 
49 
52 
55 
58 
61 
64 
68 
71 
75 
78 
82 
86 
90 
94 
98 
103 
107 
111 
116 
121 
126 
131 
136 
142 
147 
153 
159 
165 
171 
177 
184 
191 

731 
304 
946 
659 
445 
307 
247 
267 
369 
557 
831 
195 
652 
205 
856 
609 
466 
431 
506 
696 
003 
431 
984 
665 
478 
428 
518 
753 
136 
673 
369 
225 
251 
449 
824 
385 
133 
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Another projection, for Ontario alone, is that 4 million bundles of used 
fuel will be produced over the operating lives of the reactors currently 
existing or under construction. In light of the Ontario Hydro projection, 
the one made by Baumgartner (in preparation) can be expected to be an upper 
bound on the amount of used fuel that would be produced by 2035. 

3.3 FUEL-ELEMENT FAILURE 

Routine fission-product monitoring is conducted in all CANDU reactors to 
detect fuel-element failures. A delayed-neutron (DN) monitoring system is 
also used in the Bruce A, Bruce B and 600-MV(e) reactors to identify in 
which channel the fuel defect occurred; Darlington has an off-power feeder 
scanner. The DN system is designed to have adequate sensitivity to detect 
a fuel cladding defect that exposes only 200 to 500 mm2 of U02 surface, 
without the need for power cycling (which enhances the sensitivity), and to 
permit operation at low reactor power during the scan (Gacesa et al. 1983). 
All defective bundles in the Bruce A, Bruce B, Darlington and 600-MW(e) 
reactors are identified by their serial number, which can be read by 
closed-circuit television (CCTV) or periscope upon discharge from the 
reactor, and their location in the storage bay is recorded in a compu
terized system. 

Pickering A and B do not have a system for a power defect location since a 
deliberate design decision was made not to install equipment to locate de
fective fuel bundles in the reactor (Truant 1983, Underhill 1986). An 
analysis of operating history data is the major tool used to locate and 
remove defective bundles in these reactors. 

The incidence of fuel cladding failures in Canadian CANDU reactors is very 
low. To date, 99.9% of the bundles irradiated have operated without fail
ure (Hains et al. 1986). The overall cumulative defect rates for each 
operational CANDU station are presented in Table 10. Approximately 90% of 
the fuel bundles discharged to date belong to Ontario Hydro, for which the 
lifetime bundle defect rate is 0.10%; the element defect is an order of 
magnitude less. If the bundle defect rate is applied to the assumed used-
fuel arisings to 2035, the projected quantity of defected fuel bundles by 
that time would be 10 100. 

Most of the fuel has been irradiated in Ontario Hydro reactors, where the 
defects that occurred were attributed to four primary causes (see Table 11): 

1. Stress-corrosion cracking of the Zircaloy cladding as a result of 
high stresses experienced during refuelling power ramps (early 
Pickering A experience). In 1972, CANDU fuel bundles containing 
CANLUB became the reference design, and all CANDU fuel bundles 
fabricated since 1974 have contained CANLUB (Frost and Naqvi 
1986). Since the adoption of CANLUB, there have been no defects 
that can be attributed to power increases. When CANLUB was intro
duced, the fuel management scheme was also changed and the im
proved fuel performance is a reflection of both changes. 

2. Manufacturing flaws such as porosity in end-cap material or flaws 
in the sheath-to-end-cap closure welds. 
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3. Fretting defects caused by debris in the heat transport system. 

4. Delayed hydride cracking, which was first observed in Bruce A, 
Unit 3 in the spring of 1984. 

TABLE 10 

CANDU LIFETIME DEFECT RATES 

(as of 1990 October) 

Nuclear 
Station 

NPD 
Douglas Point 
Pickering A 
Pickering B 
Bruce A 
Bruce B 
Gentilly 2 
Pt. Lepreau 

Bundles 
Dis

charged 

5 676 
24 904 
205 453 
77 268 
243 973 
104 047 
29 298 
41 328 

Bundles 
in 
Core 

0 
0 

9 360 
18 240 
24 960 
24 960 
4 560 
4 560 

Total 

5 676 
24 904 
214 813 
95 503 
268 933 
129 007 
33 858 
45 888 

No. of 
Defected 
Bundles 

9 
257 
207 
43 
264 
77 
18 
22 

Defect 
Rate* 
<%) 

0.16 
1.03 
0.10 
0.06 
0.11 
0.08 
0.06 
0.05 

* Based on discharged bundles. 
Sources: R. Lee, Ontario Hydro; T. Whynot, N.B. Power; N. Macici, 

Hydro-Québec 

TABLE 11 

CAUSES OF ONTARIO HYDRO FUEL BUNDLE DEFECTS 

(Hains et al. 1986) 

Stress-corrosion cracking 28% 

Manufacturing flaws 48% 

Fretting by debris 11% 

Delayed hydride cracking 11% 

Fuel-handling damage 2% 
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4. BURNUP 

The discharge burnup of a fuel bundle is dictated by its accumulated expo
sure to neutron flux, which, in turn, is affected by the bundle residence 
time and its position in the reactor core. While in the core, the burnup 
experienced by the fuel is influenced by the flux distribution in the reac
tor, which affects the flux distribution in the bundles. The flux and 
burnup distributions in the bundles are also affected by the reactor fuel 
management scheme. These topics and the average bundle burnup achieved as 
a function of the fraction of the total number of bundles discharged for 
the individual CANDU generating stations are discussed in Section 4. 

4.1 BURNUP AND REACTIVITY 

While U02 is in the reactor core, neutrons collide with the
 2 3 5U atoms, 

causing them to fission into two lighter atoms. Each fission yields about 
2.5 neutrons, one of which is required to sustain the chain reaction by 
causing another 2 3 5U atom to fission. About one neutron is captured by the 
2 3 8U, while the remaining 0.5 neutrons are absorbed by reactor components. 
Fissile 239Pu is produced during the irradiation, and can account for up to 
about 50% of the energy generated towards the end of the irradiation 
period. Fission-product poisons are produced during the fission process, 
and the poisons can also absorb neutrons. As the fissionable uranium be
comes depleted, the buildup of fission products absorbs more neutrons, 
causing the excess of neutrons produced by the fuel (the "reactivity") to 
decrease. Anything in the core that absorbs neutrons will reduce the core 
"reactivity" and therefore increase the fuelling rate needed to maintain 
criticality. Burnup is usually expressed in terms of total energy produced 
by the fuel per unit mass of initial uranium, that is, in megawatt-hours 
per kilogram of uranium (MW»h/kg U) or gigajoules per kilogram of uranium 
(GJ/kg U), where 1 MW»h/kg U = 3.61 GJ/kg U. Worldwide, various terms are 
used to express burnup; in Canada the most commonly used terms are those 
listed above. 

The fuel is discharged from the reactor when it approaches a condition 
whereby it absorbs more neutrons than it produces. To maintain reactor 
criticality, the rate at which fresh fuel is added is adjusted so that the 
reactivity decrease due to burnup is balanced by the reactivity increase of 
the fresh fuel. The refuelling rate determines the average residence time 
of the fuel in the core or the average burnup upon discharge. 

4.2 REACTOR CORE NEUTRON FLUX DISTRIBUTION 

The neutron flux distribution of the core influences the burnup profile and 
average bundle burnup. The axial neutron flux distribution for NPD, Doug
las Point, and the Bruce A reactors is approximately a cosine curve (Figure 
14) (Page 1976), but the Pickering, Bruce B, Darlington and 600-MW axial 
flux shape is distinctly different because these reactors use absorber rods 
as a reactivity mechanism. This tends to flatten the flux profile, as 
shown in Figure 15 (Page 1976). 

The radial flux distribution for a freshly fuelled reactor has the form of 
a Bessel function, but can be modified or flattened by a reflector around 
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FIGURE 14: Douglas Point Axial Flux Profile (Page 1976) 
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FIGURE 15: P icker ing Axial Flux P r o f i l e (Page 1976) 
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the core and/or a different fuelling scheme to obtain a higher reactor 
power density. In differential fuelling, the refuelling rate in the inner-
core region is adjusted so that its burnup is higher and its reactivity 
lower. This tends to reduce the power in the inner region, and flatten the 
radial power distribution, resulting in a higher total power generation 
from the same core size. 

4.3 FUEL BUNDLE NEUTRON FLUX DISTRIBUTION 

The radial and axial neutron flux distribution through a fuel bundle are 
shown in Figure 16 (Page 1976). The neutron flux is depressed as it tra
verses the various components that make up the fuel channel, i.e., the 
calandria tube, gas space, pressure tube, coolant and fuel elements. Since 
the CANDU system uses short fuel bundles, axial flux peaking occurs at each 
bundle junction, as shown in Figure 16. Flux peaking occurs at the ends of 
the bundles because the Zircaloy material and heavy-water coolant absorb 
fewer neutrons than the UO,. 

X 2.2 
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Q < 
cc 

£ 1.4 
_ i 
m 
œ 1.0 

1.3 1.2 1.1 1.0 
RELATIVE AXIAL FLUX 

J—«£-

FIGURE 16: Bundle Radial and Axial Flux Distribution (Page 1976) 
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4.4 FUEL MANAGEMENT SCHEMES 

Fuel management schemes also influence the burnup profile and average dis
charge burnup of a fuel bundle (Chen et al. 1986a). From a fuel management 
point of view, the operating life of a CANDU reactor can be divided into 
three separate periods: 

1. a period from first operation at power to first refuelling; 

2. a transition period during which the reactor approaches a final, 
or equilibrium, state; and 

3. an equilibrium period covering about 95X of the reactor's life 
(Frescura 1980; Pasanen 1980, 1982). 

Each of these periods is described in more detail in the following sec
tions. 

4.4.1 Initial Period to Onset of First Refuelling 

When the reactor core is freshly fuelled, the fuel provides significant 
excess reactivity. The moderator is "poisoned" with boron (an efficient 
neutron absorber), and a number of fuel bundles containing depleted uranium 
are inserted into specific fuel channels. The remaining fuel channels are 
loaded with natural-uranium fuel bundles. This procedure compensates for 
excess core reactivity and provides radial and axial flux flattening. The 
600-MW CANDU reactor can operate for a number of months after initial 
start-up without refuelling. 

4.4.2 Initial Refuelling up to Equilibrium 

When refuelling begins, the inner region of the core has achieved the high
est burnup but the lowest power relative to operation during equilibrium 
power distribution. However, only some of the channels in this region can 
be refuelled before the power rises above equilibrium values. Refuelling 
of the outer channels then begins (Pasanen 1980), generally proceeding from 
the Inside toward the outside of the core. Although- power quickly 
approaches equilibrium values, an equilibrium burnup distribution is 
reached only after about 1.5 full-power years. 

4.4.3 Equilibrium Fuel Management 

Following the period of initial refuelling, the reactor remains in the 
equilibrium-core state for the rest of its life. Refuelling is the primary 
method used to add reactivity and to maintain satisfactory bundle power 
distributions in the core. The rate of refuelling is adjusted to compen
sate for the reduction of in-core reactivity due to burnup, and refuelling 
rates in different regions are adjusted to control the local power distri
bution. The typical evolution of fuel bundle discharge burnup from the 
initial fuel charge to the equilibrium core state is illustrated in 
Figure 17 for Bruce A, Unit 3 (Truant 1983). 
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FIGURE 17: Evolution of Discharge Burnup for Bruce A, Unit 3 (Truant 1983) 

4.5 ON-POWER FUELLING 

CANDU reactors are refuelled during operation, that is, "on-power." This 
enables a wide variety of fuel management schemes to be used to handle a 
variety of fuel types. The fuelling system of a typical CANDU reactor uses 
two fuelling machines that are remotely controlled. The machines operate 
in pairs during a refuelling sequence, one at each face of the reactor. 
Fuel is added by inserting a fixed number of new fuel bundles in one end of 
the fuel channel and removing the same number of used-fuel bundles from the 
other end of the channel. 

Refuelling operations are normally carried out daily so that refuelling is 
essentially continuous. Fuel in adjacent channels is pushed through the 
core in opposite directions ("bidirectional fuelling"). Thus, fresh fuel 
in one end of the channel is directly adjacent to partially burned-up fuel 
in the nearest neighbouring channels. This results in a symmetric axial 
flux and power distribution along the channel, and closely resembles the 
cosine curve previously shown in Figure 14. Replacing fuel in one channel 
increases the power output of that channel and, to a lesser degree, in the 
adjacent channels. This is called "power ripple." 

Fuelling in the CANDU-3 (Manzer and Chow 1990) is single-ended, using a 
single fuelling machine at the downstream end of the channel. The refer
ence fuel management strategy results in a very flat axial power distribu
tion with correspondingly low peak bundle powers. 
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4.6 FUEL BUNDLE SHIFTING SCHEMES 

The number of fuel bundles per channel varies between the different types 
of CANDU reactors. NPD had nine bundles per channel, Bruce and Darlington 
have 13 per channel, while the Douglas Point, Pickering, the 600-MW 
Gentilly-2 and Point Lepreau reactors have 12 bundles per channel. The 
bundle positions in the channel are numbered, starting with 1, at the end 
from which new fuel is inserted. By adjusting the fuelling rate in the 
different regions of the core, the reactor operators can continuously con
trol or modify its power distribution. For example, if eight bundles are 
added to a 12-bundle channel, the last eight in the channel are discharged 
and the first four are pushed along to the last four positions. (This is 
called an "8-bundle shift," see Figure 15.) This results in a higher 
bundle discharge burnup than replacing all 12 bundles at once, because 
those bundles that were operating at a lower power during the first cycle 
(and which consequently have a lower burnup) are left in the core for 
further irradiation. 

4.6.1 Reference Shifting Scheme for CANDU Reactors 

The reference fuel bundle shifting scheme for CANDU reactors was the 8-
bundle shift. However, Douglas Point and Pickering A, Unit 1 (Unit 1 went 
critical in 1971 February), encountered a defect problem between 1969 and 
1972 that was attributed to power ramping (i.e., a power increase during a 
bundle shift). When the detailed power histories of the fuel bundles were 
examined, it became apparent that the 8-bundle shift involving bundles that 
operated at high linear power ratings may have been responsible for the 
defects. The position 1 and 2 bundles in a Pickering fuel channel reside 
in a moderate neutron flux, as shown in Figure 15, and accumulate a signi
ficant burnup before they are shifted to higher power positions 9 and 10 in 
the 8-bundle shifting scheme. At that time, these positions were particu
larly high in power in the central core region. This was the result of in
creased fuelling in this region to remove fuel defects caused by control 
rod movement. Alternative bundle shifting schemes were adopted to mitigate 
the fuel bundle defect problem associated with the 8-bundle shift in the 
channels where the bundles operate at high linear power ratings. Histo
grams of the range of bundle average burnups versus quantities discharged 
are shown in Figure 18 for Pickering A, Unit 2. 

4.6.2 Pickering Bundle-Shifting Schemes 

The fuel bundle defect problem at Pickering A was solved by using the flex
ibility of on-power fuelling. The reference 8-bundle shift was changed to 
an 8/10-bundle shifting scheme. In this scheme, the high-power central 
channels were fuelled with 10 bundles per fuelling machine visit (see Fig
ure 19) (Truant 1983). Only one bundle in this region experienced a rela
tively small power increase when shifted to its final position. The outer 
regions of the core are still refuelled with an 8-bundle shift. When 
Pickering B became operational, a 4/8-bundle shifting scheme was adopted. 
A 4/8-shifting scheme will also be adopted by Pickering A once the pressure 
tubes are replaced. 

Figure 20 shows the outer-element burnup distribution for Pickering A based 
on 11 309 bundles discharged in 1982 (Truant 1983). Although the graph is 
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FIGURE 19: Pickering A Fuel Shifting Map of Reactor Core Face. 
Pickering B uses a 4/8-bundle shifting scheme. Following 
pressure tube replacement, Pickering A will also adopt a 
4/8-bundle shift. (Truant 1983) 
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based on only 180 944 outer elements discharged in 1982, it is a good 
representation of all outer elements discharged from Pickering. 

4.6.3 Modified Bruce 4/8-Bundle Shifting Scheme 

Initially, a modified 4/8-bundle refuelling scheme was adopted for Ontario 
Hydro's Bruce reactors. Bruce B still uses a 4/8-bundle shift, but Bruce A 
now uses a 2/4/8 shift (Truant and Floyd 1988). The.central 340 channels 
(Figure 21; Baumgartner, in preparation) in the 4/8 shift are refuelled in 
4-bundle shifts; and the outer 140 channels in 8-bundle shifts. The 
4-bundle shift in the central region results in less channel-power varia
tion than that experienced with the 8-bundle shifts. 

Figure 22 shows the outer element burnup distribution for Bruce A (Truant 
1983). The figure is based on 247 896 outer elements (13 772 bundles) 
discharged during 30 months of operation in 1982 and is believed to be a 
good representation for all outer elements discharged from Bruce A. The 
135-MW»h/kg U peak results from the fuel discharged from the outer 140 
channels, which used the 8-bundle shift. 

4.6.4 Bruce Uprating and the 2/4/8 Fuelling Scheme 

Units 2 and 4 at Bruce A were uprated to 100% full power in the autumn of 
1985. This caused the fuel to operate very near the defect thresholds for 
CANLUB fuel, as established from experiments performed in the NRU research 
reactor at the Chalk River Laboratories. Consequently, a change in the 
normal refuelling scheme was necessary because of channel power-peaking 
restrictions, and a 2/4/8 fuelling scheme was adopted. In this mode of 
operation, 2-bundle shifts were implemented in the central 62 channels, 
4-bundle shifts in the inner 278 channels and 8-bundle shifts in the outer 
140 channels (Figure 23) (Hains et al. 1986). Of thé 3373 bundles shifted 
between 1986 January and July, approximately 30%, 59% and 11% experienced 
2-bundle, 4-bundle and 8-bundle shifts. Prior to the introduction of this 
shifting scheme, the 4/8 distribution was approximately 88% and 12% at 
Bruce A. Figure 24 shows the effects of this new fuelling scheme on the 
bundle burnup (Hains et al. 1986). As expected, a greater percent of high-
burnup bundles (burnup > 150 MW»h/kg U) are shifted in the 2/4/8 scheme 
than in the 4/8 scheme. 

4.7 HIGH-BURNUP EXPERIENCE (Truant 1983, Novak and Hastings 1991) 

The current average bundle discharge burnups at Pickering A and Bruce B are 
195 MW»h/kg U and 196 MW»h/kg U respectively. A reactivity-limited maximum 
element burnup of about 288 MW«h/kg U is achieved routinely. The average 
values in the original design were 162 and 188 MW»h/kg U for Pickering A 
and Bruce A bundles. Occasionally fuel handling system abnormalities will 
preclude a bundle from being discharged from a particular channel for an 
extended period of time. Consequently, the fuel burnup occasionally in
creases beyond the .normal range. More than 3000 power reactor bundles have 
experienced average burnups above 208 MW»h/kg U, about 140 bundles have 
exceeded 400 MV»h/kg U, and six bundles have exceeded 600 MV»h/kg U, with a 
maximum outer-element burnup of 770 MW'h/kg U. All of the higher burnup 
bundles were discharged within normal fuel handling ground rules, and no 
problems were encountered that could be attributed to mechanical behaviour 
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FIGURE 21: Initial Bruce A Fuel Shifting Map of Reactor Core Face (Bruce A 
now uses a 2/4/8-bundle shift) (Truant 1983) 
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FIGURE 22: Bruce A Outer-Element Discharge Burnup Distribution (1982) When 
Using a 4/8-Bundle Shifting Sequence (Truant 1983) 
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resulting from high burnup. Currently, Ontario Hydro has adopted an inter
im bundle average burnup guideline of 450 MW»h/kg U for its reactors. 

5. RADIONUCLIDE INVENTORIES 

Inventories of all the fission products present in Pickering (Clegg and 
Coady 1977) and Bruce (Smith et al. 1987) CANDU fuel bundles have been 
compiled for a range of burnups and cooling times using the computer code 
CANIGEN, which models the decay of radionuclides, in conjunction with the 
reactor code LATREP (Milgram 1975). Those radionuclides with a long-enough 
half-life and sufficient abundance to warrant consideration as potential 
source terms for the environmental assessment model have been listed and 
quantified by Mehta (1982), along with the relevant decay characteristics 
of the more important species. The radionuclide inventories that will be 
used in the safety assessment of the nuclear fuel waste disposal concept 
have been recalculated by Tait et al. (1989) for a burnup of 190 MW»h/kg U, 
using ORIGEN-S (Hermann and tfestfall 1984, Ryman 1984). 

The activation products present in the fuel bundle structural materials, 
fission-product embedment in the cladding and radioactivity associated with 
crud deposits on fuel bundles are also discussed in Section 5. 

5.1 RADIONUCLIDES IN FUEL BUNDLES 

About 1.25% of the uranium initially in the fuel bundle is converted to 
fission products and actinides while in the reactor (see Table 12). Once 
the fuel bundles have been discharged from the reactor, the bulk of the 
radioactivity arises from fission-product decay, but the total activity 
will decrease to about the same level as that from actinide decay after 
about 150 a (Figure 25). 

TABLE 12 

COMPOSITION OF USED PICKERING FUEL 

(Mehta 1982) 

Fuel 

Constituent 

Burnup: 
Cooling 

180 MW»h/kg 
Time: 1 a 

Percent of 

U 

Original Total U 

Unconverted 2 3 8U 98.55 

Unconverted 2 3 5U 0.23 

U converted to stable fission products 0.68 

U converted to radioactive fission products 0.08 

U converted to actinides (heavy nuclides) 0.46 
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The radionuclides can be categorized according to their origins as follows: 

1. fission of uranium and plutonium (fission products); 

2. neutron activation of uranium (heavy radionuclides, i.e., acti-
nides); 

3. neutron activation of impurities in the fuel; and 

4. neutron activation of the cladding and bundle structural compo
nents. 

The reference fuel bundle chosen to assess the concept of fuel waste 
disposal is the Bruce A natural-U02 fuel bundle irradiated to a burnup of 
190 MW«h/kg U and cooled for 10 a after discharge from the reactor 
(Baumgartner, in preparation). The ORIGEN-S (Hermann and Westfall 1984, 
Ryman 1984) radionuclide generation and depletion code has been used to 
predict the mass, activity and decay of radionuclides produced in Bruce A 
fuel, and of radionuclides produced by neutron activation of both the U02 

and of Zircaloy and impurities in the U02 and Zircaloy (Tait et al. 1989). 
The ORIGEN-S code was chosen to produce new radionuclide inventories for 
the reference Bruce A fuel bundle because it is a more recent code and is 
more versatile for the development of new reactor types, is capable of 
providing additional calculations not available in CANIGEN (e.g., activa
tion of Zircaloy and U02 impurities, and neutron energy spectra), and has a 
more recent and extensive radionuclide library database than that available 
to CANIGEN. 

5.2 FISSION PRODUCTS 

In the fission process, the fissile nucleus (e.g., 2 3 5U) absorbs a neutron, 
and the resulting unstable nucleus breaks up into two parts of roughly 
equal mass, called primary fission products. Most primary fission products 
are radioactive and decay at different rates by emitting beta particles and 
gamma radiation to form other elements that are usually, in turn, radio
active. As a result, over 200 radioactive isotopes of 30 or more elements 
are present after a short time. 

The amount of each isotope depends on the nucleus undergoing fission. 
CANDU reactors are fuelled with natural uranium, and 2 3 5U is the principal 
fissile nucleus initially. However, near the end of the irradiation peri
od, there is enough 239Pu in the fuel to make a significant contribution to 
the fissile process. The changes in inventories with time for fission 
products with short half-lives (from 20 to 200 a) for 10-year-old CANDU 
fuel irradiated to 180 MW»h/kg U are shown in Figure 26. Radionuclides 
with longer half-lives (from 20 000 to 108 a) are shown in Figure 27. 

5.3 URANIUM ACTIVATION PRODUCTS 

Fissile nuclei may emit gamma radiation instead of undergoing fission when 
they absorb a neutron. This process is called radiative capture. The 
thermal-neutron cross sections of the important fissile nuclei for the two 
possible processes are listed in Table 13. 
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TABLE 13 

THERMAL-NEUTRON CROSS SECTIONS OF SOME FISSILE NUCLEI 

(Mehta 1982) 

Nucleus Fission Radiative Capture 
(m2) (m2) 

2 3 5U 5.49 x 10- 2 6 1.01 x 10- 2 6 

2 3 8U -0 2.8 x 10- 2 8 

Natural U 3.92 x 10"2 8 3.5 x 10"2S 

2 3 9 Pu 6.64 x 10- 2 6 3.61 x 10"2 6 

Radiative capture processes produce heavier nuclides, which may further 
absorb neutrons to produce still heavier nuclides. Transuranic nuclides 
produced by these processes form four radioactive decay series. The in
ventories of these radionuclides for 10-year-old CANDU fuel irradiated to 
180 MV«h/kg U using CANIGEN are given by Mehta (1982); Tait et al. (1989) 
provide similar data using ORIGEN-S for CANDU fuel cooled for 1 to 106 a 
after being irradiated to 190 MW«h/kg U. 

5.4 ACTIVATION PRODUCTS FORMED FROM UP-, AND ZIRCALOY IMPURITIES 

U02 fuel contains impurities that can absorb neutrons and produce radio
active isotopes. The cladding, end caps, end plates, and bearing and spa
cer pads are made of a zirconium alloy that contains alloying elements and 
certain impurities. The upper range of the "allowed limits" for impurities 
in the U02 and Zircaloy were used to calculate the inventories in the re
ference Bruce A fuel bundle (Tait et al. 1989). 

5.5 CARBON-14 FROM CANLUB 

CANLUB, whose principal constituent is carbon, is applied to the inside 
surface of the cladding to act as an iodine getter. The mass of carbon in 
the CANLUB contained in a Pickering bundle is about 1.8 g, or about 
0.091 g/kg U. The mass and activity of 14C from CANLUB were calculated to 
be (Mehta 1982): 

mass of 14C 2.41 x 10"9 g/kg U 

14C activity 398 Bq/kg U. 

5.6 FISSION-PRODUCT DISTRIBUTION IN THE CLADDING 

Should the cladding hulls be disposed of separately from the fuel in the 
vault as a consequence of fuel reporcessing, the fission products that have 
become embedded in the inner surface of the cladding by recoil must be 
identified in case they come in contact with water and become susceptible 
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to leaching. Also, recent data show a Zr-U-Cs-0 "bonded" layer between the 
cladding and fuel (I.J. Hastings, personal communication). To identify 
such fission products and determine their concentration and depth of 
penetration, a 130-mm length of cladding from a Pickering bundle irradiated 
to 190 MV»h/kg U was etched chemically with a solution of 2 vol.% HF in 
concentrated HNO, to remove successive layers of the inner-cladding surface 
(J.D. Chen, unpublished data). Only the inner surface dissolved because 
the outer surface was covered vith a protective, inert zirconium oxide 
layer. The solutions were analyzed by gamma spectrometry, and the results 
are plotted in Figure 28. 
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FIGURE 28: Fission-Product Distribution in the Inner Surface of a 
Pickering Fuel Cladding (J.D. Chen, unpublished data) 
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The longest lived fission product observed on the inner surface of this 
cross section of cladding was 1 3 7Cs. The peak 137Cs activity in the .sec
tion was 5.5 x 108 dpm (9.2 x 106 Bq) at a depth of about 5 Mm from the 
inner cladding surface. Since this activity is associated with only a 
130-mm length of cladding, the peak 137Cs activity associated with the 
inner cladding surface of an entire Pickering element was calculated to be 
3.2 x 108 Bq (K.M. Wasywich, unpublished data). 

The total 1 3 7Cs activity (fuel plus cladding) in the element that the above 
cross section of cladding was obtained from was previously determined by 
gamma scanning and found to be 6.4 x 1011 Bq (J.D. Chen, unpublished data). 
Therefore, the quantity of 137Cs on the inner cladding surface was 0.05X of 
the total 137Cs inventory in the element. Although these data have not 
been published, similar measurements have been performed on other CANDU 
fuel bundles (Wasywich et al. 1982, 1984, 1986a, 1986b). 

5.7 ACTIVITY FROM BUNDLE-SURFACE CRUD 

Corrosion products formed within the primary coolant circuit of the reactor 
can deposit on the surfaces of fuel bundles in the reactor core and become 
radioactive by neutron activation. Fission products and uranium origina
ting from defective fuel elements in the reactor, and other uranium that 
exists at trace levels in the coolant, are also deposited on the bundle 
surfaces. These deposits are called "crud" and they provide a small addi
tional source of radioactive material for disposal. 

The composition and quantities of crud measured on Pickering and Bruce fuel 
bundles were previously reported by Urbanic et al. (1979) and more recently 
by Chen et al. (1986b). In the more recent study, the crud concentrations 
and activities were measured to assess the contamination hazards associated 
with handling the fuel bundles intended for dry storage. Crud deposition 
was virtually undetectable during the visual examination of the bundles. 
Some of the elements were initially soaked in a HCl/Alconox™ solution at 
80°C for 2, 3 and finally 4.5 h to produce three separate solutions to re
move the crud and determine its quantity and composition. The three solu
tions had approximately the same iron concentration and 60Co activity. 
Apparently, this acid treatment did not completely remove the crud since 
the crud appeared to be incorporated into the chemically inert zirconium 
oxide layer on the cladding surface. It was suggested this could have 
occurred if crud was deposited on the element while the zirconium oxidized 
during irradiation. Since the study focussed primarily on the crud that 
would come off the bundles during handling for dry storage, it was decided 
that a 15-min acid wash followed by a 2-h hot-acid treatment would be 
adequate for the assessment. The analytical results of the study by Chen 
et al. (1986b) are summarized in Tables 14 and 15. The quantities of fis
sion and corrosion products reported in Tables 14 and 15 are not indicative 
of the total inventory on the fuel bundles; rather, they represent an upper 
limit that may come off the bundles during handling and transportation or 
when in contact with groundwater in a vault. 

Only two isotopes in the crud are. significant with respect to geological 
disposal (H.J. Smith, unpublished data). These are 59Ni (half-life = 8 
x 104 a) and 63Ni (half-life = 100 a). The reference fuel bundle for the 
Used-Fuel Disposal Centre (AECL CANDU et al. 1992) is the Bruce A bundle 
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TABLE 14 

RADIOISOTOPES LEACHED FROM THE SURFACE OF 

USED PICKERING AND BRUCE FUEL ELEMENTS 
(Chen et al. 1986b) 

Acid Wash (MBq/m2) Acid Leach (MBq/ra2) 
niiuiui.suiu|jt 

60Co 
13«CS 
137Cs 
90g r 

6°CO 
i34Cs 
" 7Cs 
9 0 g r 

ELEMENTAI 

Range Average Range 

Pickering Fuel Elements 
0.39-5.5 
5.1-32 
23-76 
5.9-88 

1.3 
9.4 
39 
20 

1.2-4.4 
1.6-11 
9.2-45 
6.1-19 

Bruce Fuel Elements 
0.26-1.6 

7-150 
26-300 
11-320 

0.55 
40 
94 
79 

TABLE 15 

. CORROSION PRODUCTS LEACHED 

USED PICKERING 

0.70-3.0 
3-240 
12-53 
9-150 

Average 

2.0 
4.3 
20 
12 

1.8 
48 
41 
40 

FROM THE SURFACE OF 

AND BRUCE FUEL ELEMENTS 
(Chen et al. 1986b) 

Acid Wash (mg/m2) Acid Leach (mg/m2) 
Radioisotope 

Range Average Range Average 

Pickering Fuel Elements 
Fe 47-163 86 11-300 70 
Ni 4.1-12 8.1 1.2-11 4.7 
Cu 3.5-18 11 1.5-21 6.5 
Cr 9.6-26 19 3.2-30 17 
Co 
U 8-72 22 5-24 14 

4.1-12 
3.5-18 
9.6-26 
^0.02-0.2 

8-72 

Bruce 
42-134 
4.0-8.1 
1.4-17 
15-24 

i0.02-l.l 
12-172 

8.1 
11 
19 
-

22 
Fuel 
86 
6.0 
10 
18 
-

49 

1.2-11 
1.5-21 
3.2-30 
50.02-0.1 

5-24 

Elements 
39-161 
1.9-14.6 
2.2-6.4 
9.9-36 
^0.02-0.3 
14-95 

Fe 42-134 86 39-161 82 
Ni 4.0-8.1 6.0 1.9-14.6 6.3 
Cu 1.4-17 10 2.2-6.4 4.2 
Cr 15-24 18 9.9-36 22 
Co 
U 12-172 49 14-95 33 
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irradiated to a burnup of 190 MW«h/kg U. Using the information in Table 15 
and known nuclear parameters, such as the thermal neutron activation cross 
section and thermal flux, the mass and activities of these isotopes were 
calculated (K.M. Vasywich, unpublished data) for the reference Bruce bundle 
as follows: 

Mass of 59Ni per bundle = 3.25 x 10-5 g 

Activity of 59Ni per bundle = 1.3 x 105 Bq (3.5 (id) 

Mass of 63Ni per bundle = 5.9 x 10"6 g 

Activity of 63Ni per bundle = 1.8 x 107 Bq (0.5 mCi) 

Activity of 59Ni in vault* = 1.3 x 1012 Bq (35 Ci) 

Activity of 63Ni in vault* = 1.8 x 1014 Bq (4.9 x 103 Ci) 

* Bundles in vault = 1.01 x 107 

5.8 COMPARISON OF MEASURED AND PREDICTED RADIONUCLIDE CONCENTRATIONS 
IN USED FUEL 

The verification of the radionuclide inventory data will enable isotope 
concentrations or decay heats to be predicted for waste management pur
poses. Codes such as 0RIGEN2 (Croff 1980a, 1980b, 1982, 1983) and ORIGEN-S 
are currently being verified for light-water reactor (LWR) fuel through a 
quality assurance process in the U.S. waste management program (Roddy and 
Mailen 1987). Comparisons have been made between a limited number of 
measured radionuclide concentrations and the concentrations predicted by 
0RIGEN2 for LWR fuel. Nearly all of the radiochemical results agreed with 
0RIGEN2 predictions to within ±12% (Guenther et al. 1988). Only limited 
verification data are currently available for CANDU fuels (Smith et al. 
1987) and none is available for fuel cladding. A program is in progress at 
AECL Research to verify the ORIGEN-S code and validate the inventories by 
radiochemical analysis. 

FISSION GAS RELEASE 

Knowing the amount and composition of the free volume of fission gas within 
used fuel is important to the design and operation of handling, transporta
tion and immobilization facilities and to the environmental and safety 
assessment of the disposal concept. 

The composition, release mechanism, variables that affect release, release 
rates and inventories of fission gas in used fuel over the range of opera
ting conditions typical of Canadian CANDU nuclear generating stations are 
discussed in Section 6. 

6.1 COMPOSITION OF FISSION GAS 

About 70% of the fission products from fissioning of 2 3 5U are transition or 
rare-earth metals, 20% are alkali earths and the balance consists of the 
rare gases xenon and krypton and volatile fission products such as iodine 
and cesium. More than 99% of the constituents of fission gas are isotopes 
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of xenon and krypton. Although tritium (3H) is produced in small quanti
ties in the fuel, it contributes significantly to the total fission gas 
activity. Helium production also occurs from ternary fission and decay at 
extended burnups (I.J. Hastings, personal communication). 

The only unstable constituents of the principal long-lived fission gas 
isotopes are 85Kr (half-life = 10.74 a) and 3H (half-life = 12.33 a), both 
of which decay by beta emission. Xenon-135, a short-lived isotope (half-
life = 9.16 h), is also produced. It has a very large neutron-capture 
cross section (2.7 x 108 fm2) (Walker 1974), which results in the well-
known "xenon transient" in the operation of nuclear reactors. Neutron cap
ture by 1 3 5Xe converts it to the stable isotope 136Xe at a rate that de
pends significantly on the thermal neutron flux in the reactor. About 80% 
of the 1 3 5Xe is converted to 136Xe in Canadian reactors (Lewis 1960). The 
unconverted 20% decays quickly to the solid product 1 3 5Cs. 

A significant fraction of the burnup in CANDU natural-U02 fuel is also 
derived from the fission of 239Pu produced by neutron capture in 2 3 8U. In 
fact, the burnup contribution from 239Pu approaches 50% of the discharge 
burnup of typical used fuel. The fissioning 239Pu also produces fission 
gases. The long-lived fission gas isotope yields for 2 3 SU and 239Pu are 
reproduced in Table 16. 

6.2 RELEASE MECHANISM 

Although most fission-product atoms remain fixed within the U02 fuel ma
trix, they also diffuse through the fuel grains at a temperature-dependent 
rate. Eventually, some reach grain boundaries, where they may precipitate 
or, in the case of gaseous fission products, form gas bubbles. When 
sufficient bubbles nucleate and grow, they interlink to form tunnels along 
grain edges. Fission gas release to the fuel-sheath gap requires fuel 
cracking to intersect the grain boundaries and tunnels. Figure 29 shows a 
schematic of various mechanisms for gas release. Figure 30 shows an 
optical photomicrograph of fission gas bubbles at grain boundaries and 
Figure 31 shows a transmission electron micrograph of a replica from an 
irradiated U02 fracture surface showing intergranular fission gas bubbles 
and tunnels. 

6.3 VARIABLES THAT AFFECT FISSION GAS RELEASE 

Fission gas release depends upon a number of factors, including enrichment 
(which influences the fission rate), U02 grain size and shape, grain-
boundary sweeping caused by grain growth, burnup, fuel power history and, 
very importantly, local temperature effects. The inter-relationships 
between the most important parameters that influence fission gas release 
are shown in Figure 32. 

Fuel temperature is the dominant parameter affecting fission gas migration 
because it has a strong influence on the gas-atom diffusion coefficient. 
The rate of diffusion of the gas to the grain boundaries is an exponential 
function of local temperature. CANDU fuel typically operates at linear 
powers of 40 to 50 kW/m up to a maximum of 65 kW/m, and to burnups around 
200 MW«h/kg U. The fuel-centre temperature is about 1400 to 1600°C and the 
fuel cladding temperature is about 300°C. These temperatures are high 
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TABLE 16 

LONG-LIVED FISSION GAS ISOTOPE YIELDS 

(Lewis 1960; Walker 1973, 1974) 

8 3 K r 

8 4 K r 

85Kr (10.74 a) 
8 6 K r 

Total Kr 

13iXe 
132Xe 

*3«Xe 

"5Xe 

"«Xe 

Total Xe (less 135Xe) 

80* 135Xe 

Total Xe 

Atoms 
235 

0.53 

0.99 

0.31 

1.96 

2.80 

4.17 

7.61 

(6.60) 

6.13 

20.71 

5.28 

per 100 

U 

3. 

25 

79 

.99 

Fissions 
239 

0.29 

0.48 

0.13 

0.76 

3.73 

5.21 

7.41 

(7.69) 

6.47 

22.82 

6.15 

Pu 

1.66 

28.97 

Total Noble Gases 29.78 30.63 

3H (12.33 a) 0.013 0.025 

Total gases 29.79 30.66 

Note that 136Xe is produced in two ways: by 135Xe capture and through 
its own decay chain. 
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FIGURE 29: Schematic of the Release of Short-Lived Fission Products to the 
Fuel-to-Cladding Gap: (a) Gas Atom Diffusion, (b) Bubble Migra
tion, (c) Release to Gap Via Grain Boundaries or Cracks 
(I.J. Hastings, personal communication) 

FIGURE 30: Optical Photomicrograph of Polished and Etched U02 Irradiated 
to about 200 MV»h/kg U at a Linear Power Rating of 50 kW/m 
Showing Individual and Linked Fission Gas Bubbles at Grain 
Boundaries (Hastings 1982) 
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FIGURE 31: Electron Fractograph of Irradiated U02 , Showing Intergranular 
Fracture, Fission Gas Bubbles (B), and Tunnels (T), 
spots are solid fission products (Hastings 1982). 

Black 

FIGURE 32: Inter-Relationships Controlling Fission Gas Release 
(P.J. Fehrenbach, unpublished data) 
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enough to produce equiaxed U02 grain growth at the fuel centre. At low 
temperatures, gas atoms can recoil or "knock out" from the U02 grain sur
faces by adjacent fission events. Although this effect is important to the 
release of short-lived isotopes, its contribution is small when assessing 
the effect due to the release of the stable gases. At temperatures above 
1200°C the porosity in the fuel from the sintering process used in the U02 

pellet manufacturing process is replaced by fission gas bubbles (MacEwen 
and Hastings 1975, Assmann and Stehle 1976, Hastings 1982). A typical 
CANDU element experiences maximum swelling at about 1500°C because of the 
presence of fission gas bubbles (Hastings 1982). 

During irradiation, the fuel cracks from thermal stresses, the most severe 
of which occur at reactor start-up or shutdown. A temperature difference 
of 150°C between a fuel pellet's centre and its surface for a pellet-
surface temperature of 850°C is sufficient to induce cracking. When the 
pellet-surface temperature is 300°C, only an 80°C differential is required 
to cause cracking (Hastings 1982). Most outer cracks form during the ini
tial power rise, and persist thereafter for the life of the fuel element. 
Permanent central cracks result only during the last power reduction. 
Under normal CANDU operating conditions, the hot central core is plastic 
and any pre-existing cracks are healed at temperatures above 1530°C (Bain 
1963). It is postulated that after a period of high-power operation, the 
gas is released from the fuel during reactor start-ups, power changes, 
shutdowns or during bundle removal from the reactor because cracks due to 
thermal gradients follow and intersect the gas-filled tunnels or bubbles in 
the grain boundaries. 

6.4 FISSION GAS RELEASE PREDICTIONS VERSUS MEASURED VALUES 

Empirical correlations were originally used to predict fission gas release 
from irradiated fuel elements (Olander 1976, MacEwan et al. 1971). Fig
ure 33 shows an example of a correlation between the gas release and the 
element linear power rating. 

More recently, sophisticated one-dimensional fuel performance computer 
codes ELESIM (Notley 1979, Notley and Hastings 1980) and ELESTRES (Wong et 
al. 1982, Tayal 1987, Tayal et al. 1990)) have been developed to predict 
fission gas release under normal operating conditions. ELESTRES was 
developed from ELESIM and models a single element by accounting for radial 
and axial variations in stress displacement. These codes contain a fission 
gas behavioral model that uses a single migration constant to calculate the 
rate of fission gas movement from the centre of the grain to the bubbles at 
the grain boundaries. The major parameters used in .the codes are summa
rized below: 

• in-reactor grain growth, 
• fission-induced densification, 
• diffusion of fission gas to grain boundaries, 
• growth of intergranular fission gas bubbles, 
• resultant swelling, 
• interconnection of intergranular bubbles to form 
boundary tunnels, and 

• subsequent fission gas release. 
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FIGURE 33: 

LINEAR POWER (W/cm) 

Empirical Correlation of Fission Gas Release Versus Element Lin
ear Power (V.C. Harrison and M.J.F. Notley, unpublished data) 

In both codes, fuel temperature is the dominant variable since many of the 
physical processes depend on this parameter. The greatest source of error 
in the codes is probably the uncertainty in the fuel temperature predic
tion. This arises from many sources, such as: 

•1. variation in fuel-to-cladding heat transfer; 

2. uncertainties in element power history; and 

3. variability in fuel thermal conductivity. 

At extended burnups, there is evidence that fission gas release can be 
higher than expected from low-burnup data (up to 200 MVh/kg U) (Novak and 
Hastings 1991). Increased fission-product mobility and grain growth at 
extended burnups could occur because of operating temperatures higher than 
expected for a given linear power, as a result of reduced fuel conductivity 
(Kleykamp 1985), or degraded fuel-to-cladding heat transfer. Data from a 
recent post-irradiation examination of two high-burnup Bruce bundles (maxi
mum outer-element burnup of 770 MVh/kg U) that experienced fission gas 
releases of up to 28Z are being used to improve existing fuel performance 
models (Novak and Hastings 1991). 

Figure 34 shows the fuel surface and centre temperatures predicted by 
ELESIM for 28- and 37-element CANDU fuel bundles irradiated at various 
power ratings. The effect of fuel surface temperature (a function of clad
ding temperature, fuel-to-cladding heat transfer, surface-heat flux plus 
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Fuel Temperatures Predicted by ELESIM for CANDU Fuel 
(W.C. Harrison and M.J.F. Notley, unpublished data) 

many more parameters) on the fission gas release predicted by ELESIM is 
shown in Figure 35. The plots shown in Figures 34 and 35 are indicative 
only. More precise predictions can be made as long as the power history of 
the fuel bundles is available. Figure 36 shows the predicted increase in 
gas release with time, following a power increase, for 28- and 37-element 
CANDU bundles. 

Figure 37 shows the effect of U02 grain size on fission gas release as 
predicted by ELESIM. The measured (experimental data) and predicted frac
tions of gas retained and released from U02 over a range of fuel-centre 
temperatures is shown in Figure 38. 
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FIGURE 38: Experimental Data for the Fission-Product Gas Retention in U02 

(Lewis et al. 1964) and the Assumed Dependence of Release on 
Temperature Used in the ELESIM Code (Notley 1970) 

6.5 INVENTORIES OF FISSION GAS IN GAPS AND GRAIN BOUNDARIES 

Following irradiation, the distribution of fission gas within a fuel ele
ment is known to be influenced by the linear power rating and burnup his
tory of the fuel (Notley and Hastings 1980). At the end of the irradia
tion, the fission gas is distributed homogeneously through the fuel. The 
largest fraction (85-90%) is found within the U02 grains. Amounts as large 
as 5-10% may accumulate at grain boundaries as a consequence of grain 
growth and diffusion processes. Between 0.01% and 10% may be released to 
the interconnected void space ("gap") within the fuel element, depending on 
the fuel operating conditions. 

Johnson and Joling (1984) calculated the average fission gas (stable Xe) 
gap and grain-boundary inventories using the computer codes S0R0 (Kelly 
1975, Ontario Hydro 1983), ELESIH (Notley 1979) and LATREP (Phillips and 
Griffiths 1971) for Pickering A and Bruce A fuel elements. Details are 
given by Johnson and Joling (1984). Table 17 summarizes the calculated gap 
and grain-boundary inventories for fuel discharged from the various Ontario 
Hydro power reactors. 

The fraction of xenon fission gas released to the gap in used CANDU fuel 
can be calculated by the ELESIM code if the fuel irradiation history is 
known. The relationship between calculated xenon gap inventories 
([Xe]gap,calc) expressed as a percentage of the total inventory, and 
measured xenon gap inventories ([Xe],exp) was determined by a regression 
analysis (see Figure 39) (Garisto et al. 1989). 
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TABLE 17 

CALCULATED GAP AND GRAIN-BOUNDARY INVENTORIES FOR FUEL DISCHARGED 

FROM ONTARIO HYDRO POWER REACTORS (ASSUMING 100% FULL POWER) 

(Johnson and Joling 1984) 

Reactor Gap Inventory (%) Grain-Boundary Inventory (%) 

Pickering A 
Pickering B 
Bruce A, B 
Darlington 

0.1 
0.92 
2.21 

2.21 (assumed) 

4.1 
6.0 
7 .0 
7.0 

40.0 

<£ 30.0 
a. 
x 

§ 20.0 

0) 
X 

0 . 0 * 

- j 1 7—r 
Ngap,exp ='04 [Xe]gQPtcQ,c "0.88, 

0.0 10.0 20.0 30.0 40.0 

LXeJgap,calc (%) 
FIGURE 39: Calculated Xenon Gap Inventory as a Function of Measured Xenon 

Gap Inventory (Garisto et al. 1989) 

The relationship was based on data for fission gas release ranging from 
0.01 to 10%, which represents almost the full range of fission gas releases 
observed for CANDU power reactor fuel. For current CANDU operating condi
tions, the stable fission gas release fraction measured in fuel-element 
puncture tests is typically 1 to 2% of the amount theoretically produced. 
The internal gas pressure, typically 2 to 3 MPa, has also been below the 
coolant pressure (10 MPa) (Hastings et al. 1983a). 
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6.6 HIGH-BURNUP FUEL, SWEEP TESTS AND FUEL FAILURES 

The fuel bundles discharged by Ontario Hydro have burnups exceeding 
755 MW»h/kg U. A detailed examination was conducted on a Bruce bundle 
irradiated to 570 MW«h/kg U at a maximum linear power rating of 55 kW/m. 
The results from calculations using ELESIM and average outer-element power 
histories were in good agreement with measured fission gas release, grain 
growth and local volume changes (Hastings et al. 1985). 

In a more recent post-irradiation examination of two Bruce bundles that 
experienced outer-element burnups up to 770 MW#h/kg U and maximum and aver
age outer-element linear power ratings of 52 and 42 kW/m respectively, 
fission gas releases up to 28% were measured in intact outer elements 
(Movak and Hastings 1991). The authors stated that there appeared to be a 
burnup threshold value where enhanced fission gas release is observed, with 
accompanying element swelling (up to 2% diametral strain) leading to fail
ures. Results for the examination suggested that there also may be a 
linear-power-dependent threshold between 52 and 58 kW/m. The enhanced 
fission gas release was also evidenced by well-developed intergranular 
porosity in the U02 showing bubble interlinkage, and the formation of 
grain-edge tunnels. Solid fission products were also present. The grain 
growth, diametral strain and fission gas release in the two high-burnup 
bundles were typical of fuel with operating temperatures higher than 
expected from the power histories. The He content observed in the elements 
examined was also higher than expected. Ternary fissions are the major 
source of He production in U02 fuel. The yield is 0.2% to 0.3% He atoms 
per fission, but the uncertainity is large (Ohuchi 1988, Rider 1981). 
Also, in the presence of plutonium, He accumulates as a result of alpha 
emission from the radioactive decay of Pu, Am and Cm. The authors calcu
lated 6 mL (STP) of He for one of the bundles, compared with a measured 
value of 4.4 mL. 

Hastings et al. (1983b, 1984) studied intact fuel where gas releases from 
U02 had been flushed from a fuel element with helium sweep gas and conveyed 
to a gamma spectrometer for measurement. The release for xenon and krypton 
and, by inference for iodine, was diffusion-controlled in the linear power 
range from 45 to 60 kW/m. Transient effects on stable gas release were 
measured in a power-ramp test (Campbell et al. 1974), and measurements of 
radioactive releases during a temperature transient were assessed in a 
"sweep-gas" test (Hastings et al. 1982). When the results were compared 
vith a model based on physical phenomena, they suggested that the amount of 
grain-boundary surface exposed by edge tunnels must be larger than expected 
to explain the large observed releases of short-lived noble gases (MacEwan 
et al. 1982). 

It is generally assumed that all the noble gases released to the gap will 
escape because of their chemical inertness and low boiling points if the 
cladding is breached during irradiation. For other fission products (those 
designated as being volatile to some extent), the immediate quantities that 
escape from a failed fuel element are not necessarily the same as the quan
tities that the fuel releases to the interconnected void. This occurs 
because of the tendency of some of these products to plate out inside the 
cladding, to become absorbed on the cladding surface, to react chemically 
with the cladding, and to dissolve back into the fuel. 
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7. VOID VOLUME AND SURFACE AREA 

Void volume in used fuel is of interest because it defines the maximum 
amount of water that can enter a fuel element after corrosion penetrates 
the cladding. The surface area of the fuel after irradiation is also of 
interest, since the rate of fission-product release during dissolution may 
be proportional to the surface area of the fuel in contact with the water. 
Data on used-fuel void volume and surface area, both on a macroscale (e.g., 
fuel cracking, designed-in free space), and on a microscale (e.g., poro
sity, fission gas bubbles) are presented in the following sections. 

7.1 SINTERING POROSITY 

Fuel for commercial CANDU power reactors consists of natural-U02 pellets. 
The sintered U02 has a starting density of about 10.6 Mg/m

3 (97% theoreti
cal) and an average grain size of 10 fj.m. Over the past few years, the 
density has been increased to -10.8 Mg/m3 as the U loading is maximized. 
The sintering porosity occupies about 3% by volume of a CANDU fuel pellet. 
The porosity is closed and is either intergranular (in the boundaries 
between the grains) or intragranular (within the grains), as shown in 
Figures 40 and 41. The intergranular pores account for about one-half of 
the total porosity, and the intragranular pores form the balance. A pore-
size distribution histogram of the as-sintered pores in a CANDU U02 pellet 
is shown in Figure 42. The size distribution and fraction of inter- and 
intragranular pores in a CANDU U02 pellet is shown in Figure 43. 

In Figure 43, the average number of intra- and intergranular pores is 
9 x 1017 nr3 and 1.3 x 1017 m*3 respectively. Most of the intragranular 
pores are less than 0.6 /xm in diameter, and about 80% of the intergranular 

FIGURE 40: Optical Micrograph of Polished and Etched Unirradiated U02 

Showing Sintering Porosity (Hastings 1982) 
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FIGURE 41: Electron Fractograph of U02 Showing Sintering Porosity 
(Hastings 1982, Hastings et al. 1978) 
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FIGURE 42: Sintering Pore Size Distribution in a CANDU U02 Pellet 
(Hastings et al. 1983a) 
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FIGURE 43: Sintering Pore Size Distribution and Fraction of Intra- and 
Intergranular Sintering Pores in a CANDU U02 Pellet (Hastings 
et al. 1983a) 

pores are also in this range. About 10% of the intergranular pores (com
pared vith less than 1% of the intragranular pores) have a diameter greater 
than 1.0 iim. The large intra- and intergranular pores are stable during 
the thermal sintering process, and during fission-induced densification. 

7.2 FISSION-INDUCED DENSIFICATION 

At temperatures below about 1200°C, the sintering porosity in U02 fuel is 
removed in reactor by preferential migration of the uranium interstitials 
produced during fission to sintering pores (MacEwen and Hastings 1975, 
Assmann and Stehle 1976, Hastings and Evans 1979). The vacancies migrate 
concurrently to free surfaces, producing a decrease in volume or densifi
cation (Figure 44). 

Most of the intragranular pores less than about 1 m in diameter are re
moved by fission-induced densification below UOO'C, while the intergranu
lar pores are less affected (Hastings 1982). The maximum fission-induced 
densification occurs at about 1000°C (Hastings and Evans 1979). The 
microstructures are shown in Figures 45 and 46 at maximum densification in 
irradiated CANDU fuel after removal of the sintering porosity. 

Therefore, the maximum fuel volume decrease due to fission-induced densifi
cation depends on the sintering pore size and distribution. The maximum 
volume decrease in CANDU fuel is about 2% by volume at 1000 ± 100°C. This 
amount of in-reactor densification has never presented an operating problem 
in CANDU U02 fuel bundles because of built-in design features such as short 
elements, collapsible sheathing and high-density pellets. 
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FIGURE 44: Schematic of Irradiation-Induced Densification (I.J. Hastings, 
personal communication) 
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FIGURE 45: Optical Micrograph of Polished and Etched U02 Irradiated 
at 1000°C Showing Removal of Sintering Porosity (Hastings 1982) 
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FIGURE 46: Electron Fractograph of Irradiated U02 from a Region of Maximum 
Densification, Showing Removal of Sintering Porosity (Hastings 
1982) 

There may be an additional contribution to densification from in-reactor 
thermal sintering in regions where the temperature is above 1600°C. In
creases in volume caused by thermal expansion and the production of solid 
and gaseous fission products counteract the decrease in volume. The maxi
mum fuel-element diameter decrease resulting from irradiation-induced den
sification in fresh fuel is about 0.6%. This occurs within a few days of 
first irradiation of the fuel and is recovered by the end of the fuel's 
design life. The diameter of the fuel element increases somewhat in high-
burnup CANDU fuel (̂ 480 MW»h/kg U), but this increase is usually less than 
0.5%. 

The ELESIM code (Notley and Hastings 1980) contains a densification algo
rithm (Hastings and Evans 1979, Hastings et al. 1980) based on volume-
change data from irradiated Pickering and experimental U02 fabricated with 
starting densities of 10.2, 10.4, 10.6 and 10.7 Mg/m3. The data were ob
tained by direct in-reactor measurements using the in-reactor diameter 
measuring rig (IRDMR) (Fehrenbach and Morel 1980, Hastings et al. 1976). 
The densification depends on burnup and temperature. A net volume change, 
the combined result of a volume decrease caused by the removal of sintering 
porosity, and a volume increase because of the accumulation of solid fis
sion products, is measured. At temperatures above 1100°C, the increase 
resulting from fission-gas bubble formation becomes important. Figure 47 
shows how the ELESIM model predictions for densification and swelling com
pare with measured values for a Pickering fuel element (Hastings et al. 
1978). 
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FIGURE 47: Measured Volume Changes in an Irradiated Pickering Element 
Compared with ELESIM Calculations (SFP = Solid Fission 
Products) (Hastings 1982, Hastings et al. 1978, Notley and 
Hastings 1980) 

7.3 FISSION GAS BUBBLES 

At temperatures above about 1200°C, the sintering porosity is replaced by 
fission gas bubbles. In a typical CANDU fuel element, maximum swelling due 
to fission gas bubbles occurs at 1500°C at a fractional fuel radius of 0.4. 
The porosity in fuel due to intergranular fission gas bubbles can be esti
mated from (Olander 1976) 

where 

P = 

a = 
N, GB 

2 a NGB^7rRGB 

grain radius, and 
number of gas bubbles of radius RGB per unit area of grain 
boundary. 

Substituting typical observed values (a = 15 x 10"6 m, NGB = 6 x 10
12 gas 

bubbles/m2, and RGB = 2.25 x 10"
7 m) gives P = 2.9 vol.%. The contribution 
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from solid fission products (SFP) at 1500CC is about 0.6 vol.X. With a 
negligible contribution from intragranular fission gas bubbles, the total 
volume occupied by fission gas bubbles plus SFP is calculated to be about 
3.5£, which correlates reasonably well with the 3.4 vol.% measured by 
immersion density techniques. 

In the region of maximum porosity caused by fission gas bubbles in a 
typical irradiated CANDU fuel element, U02 grain faces are 5 to 10 /xm in 
their longest dimensions; the actual equiaxed grain size is 25 to 30 urn, 
and the bubble size range is about 0.1 to 1.0 /im in diameter, with a 
population of about 6 x 1012 gas bubbles/m2 of the boundary area. Fission 
gas bubbles in fuel from a typical CANDU fuel element are shown in Fig
ures 30 and 31. 

7.4 FUEL FRACTURES AND FREE VOID VOLUME 

During irradiation, the fuel is exposed to thermal stress arising from 
temperature differentials, which cause pellet cracking. The most severe 
stresses occur at reactor start-up and shutdown. A temperature differ
ential of about 150°C between the centre and surface of a pellet for a 
peripheral temperature of about 850oC is sufficient to induce cracking. 
When the pellet surface temperature is 300°C, only an 80°C differential 
between the surface and centre is required to produce cracking. Most of 
the outer cracks form during the initial power rise, and persist for the 
in-reactor service life of the element. The central cracks are produced 
only on the last power reduction. Under normal operating conditions for 
CANDU fuel with restraint, the hot central core is plastic, and any pre
existing cracks are healed at fuel temperatures above 1530°C (Bain 1963). 
Post-irradiation examination of U02 reveals complex radial and circumfer
ential cracking patterns such as those shown in Figure 48. The cracked 
structure observed in the central regions results from the last reactor 
shutdown. Details about the history of the fuel shown in Figure 48 are 
presented in Table 18. 

The cracks in fuel pellets, open porosity, pellet end-dishes, axial and 
diametral pellet/sheath gaps and internal fission gas plenums all contri
bute to the total internal void within a fuel element. The volume of this 
void has been measured - for a typical irradiated Pickering and Bruce fuel 
element it is less than 3.0 mL at standard temperature and pressure 
(Wasywich et al. 1984). 

7.5 FUEL-FRAGMENT SURFACE AREAS 

Ceramographic examination of fuel cross sections indicate that the fuel 
cladding gap and typical cracks in used fuel are 20 to 30 /xm wide. An 
estimate of the surface area of the fuel fragments in a Bruce element was 
made by axially slitting the cladding, removing the fuel and determining 
the fuel-fragment size distribution (Johnson 1982). The results of the 
measurements are shown in Table 19. If the fragments are assumed to be 
cubes, the estimated fuel-fragment surface area is 2 cm2/g. This estimate 
does not account for surface roughness or porosity, and therefore under
estimates the actual surface area. 
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FIGURE 48: Cross Section of Pickering Element (Reported Linear Power 
50 kW/m, K38A1) (Hastings 1982) 

TABLE 18 

DETAILS FOR FIGURE 48 

(Hastings 1982) 

Fuel Design 
Fuel Identification 
Enrichment 
Where Irradiated 
Fuel Density 
Fuel Pellet Diameter 
Fuel Cladding 
Reported Linear Power 
Grain Growth, r/a 
Calculated Linear Power 
Burnup 
Comments 

Pickering A production 
Bundle 10224C 
Natural 
Pickering A, Unit 1, L18W06 
10.6 Mg/m3 

14.26 mm 
Zircaloy-4, 0.38 mm thick 
50 kU/m 
0.38 (grain radius/pellet radius) 
51 kW/m 
223 MU»h/kg U 
Constant heat rating throughout 
the duration of the irradiation 
Circumferential and radial cracking 
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TABLE 19 

PARTICLE SIZE DISTRIBUTION OF UP-, 

FROM IRRADIATED FUEL ELEMENT 

(Johnson 1982) 

Particle Size Weight % of 
(mm) (g) Total 

>6.3 92.4 16 
>4.75 221.3 38.3 
>4 121.3 21.07 
>2 133.0 23.02 
>1 6.12 1.06 
>1 2.89 0.50 

8. FUEL MICROSTRUCTURE 

During irradiation, U02 fuel experiences microstructural changes, most of 
which are largely temperature- and time-dependent. For example, phenomena 
such as densification, equiaxed and columnar grain growth and central melt
ing occur to varying degrees that depend on specific operating temperatures 
and burnup. The microstructure in unirradiated U02 and the microstructural 
changes experienced by CANDU fuel irradiated to typical burnups and at 
typical ratings are discussed in Section 8. 

8.1 UNIRRADIATED U0-. MICRO STRUCTURE 

U02 fuel pellets for CANDU reactors are fabricated from ammonia diuranate 
(ADU)-derived U02 powders by cold pressing and sintering. After pre-
pressing and granulation, the pellets are pressed under a pressure of 
250-300 MPa and sintered for 2 h at 160O-17O0°C in a flowing hydrogen 
atmosphere. The resulting pellet has a density of about 10.6 Mg/m3 (97Z 
theoretical) and an average grain size of 10 urn. About 3 vol.% of a CANDU 
pellet consists of sintering porosity. Intragranular pores account for 
about one-half of this total; intergranular pores make up the rest. Sin
tering pores £l nm in diameter account for 30 to 50% of the initial pore 
volume. Figures 40 and 41 show typical microstructures in unirradiated 
CANDU fuel pellets. 

8.2 EFFECTS OF IRRADIATION ON U07 

The U02 lattice structure has good stability during irradiation. Some 
lattice damage is observed at fuel temperatures below 400°C (Belle 1961). 
No significant change in lattice structure has been observed at tempera
tures greater than 500°C for burnups of up to 12 133 GJ/kg U, and X-ray 
diffraction studies show no significant line broadening (Belle 1961). The 
absence of a change in lattice structure resulting from irradiation is 
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believed to be the result of the mobility of fission-produced defects and 
the migration of fission products to grain boundaries and lattice defects. 

Structural features occurring in irradiated U02 are controlled primarily by 
temperature and burnup. Because the temperature in an operating fuel pel
let is determined by its power density (usually quoted as power per unit 
length of pellet), and by the thermal conductivity of the U02, these para
meters are used to define a fuel rating, which serves as a convenient means 
to quantify the effect of power. It is customary to quote this rating as 
an integrated conductivity, J X dfl, where A is the thermal conductivity of 
the fuel at temperature e. This is related to linear power where J" X de 
s linear power/47r, depending on the 2 3 5U enrichment and the pellet diame
ter. In a cylindrical geometry, the integration is radial, and unless 
otherwise indicted, the limits of the integral are between the pellet sur
face and the centre. The power rating in CANDU reactors does not normally 
exceed J X dfl = 5.3 kW/m, which corresponds to a linear power rating, q, of 
67 kW/m. However, enriched experimental fuel has operated up to J" \ àO 
= 9.5 kW/m (q = 119 kW/m). Major structural changes observed in fuel irra
diated at typical CANDU ratings are: 

1. crack formation and healing, 

2. equiaxed grain growth, 

3. removal of sintering porosity due to fission-induced densifica-

tion, and 

4. interlinkage of intergranular fission gas bubbles. 

Experimental fuel operating at higher ratings can exhibit the above fea
tures as well as: 

1. columnar grain growth, 

2. central void formation, and 

3. fuel melting. 

Only those features observed in fuel irradiated at typical CANDU ratings 
are discussed in the following sections. 

8.3 FUEL CRACKING 

U02 is a ceramic with a low thermal conductivity, which 'ories with temper
ature. During irradiation, the U02 pellets have a high central temperature 
in comparison with the surface temperature (Figure 49). Since the U02 pel
lets are cylinders of finite length, the pellet ends have more freedom for 
thermal expansion than the midplane. Also, the pellet ends have slightly 
higher density than the midsection, which is caused by the pressing and 
sintering techniques used during fabrication. These characteristics cause 
the pellet to change from a straight cylindrical shape into an hourglass 
configuration during in-reactor operation (Houston 1978). Tensile stresses 
develop as the pellet ends become more flared at higher temperature 
gradients or power. Since ceramic materials are characteristically weak in 
tension, these stresses are relieved by crack formation. The most severe 
stresses (and pellet cracking) occur during reactor start-up and shutdown. 
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FIGURE 49: Temperature Profile for Fuel Pellet and Cladding Operating at 
40 kW/m (Houston 1978) 

For a peripheral temperature of 850"C, a temperature differential of about 
150°C between the pellet centre and surface is sufficient to induce crack
ing. For a pellet surface temperature of 300°C, a differential of only 
80°C will cause cracking (Hastings 1982). Most outer cracks form during 
the initial power rise and persist for the operational life of the fuel. 
Under normal operating conditions, the hot central core is plastic, and any 
pre-existing cracks in this region are healed at temperatures above 1530°C 
(Bain 1963). Therefore, central cracks observed in post-irradiation exami
nations have typically formed during the last power reduction. Typical 
transverse cross sections of fuel from CANDU fuel elements irradiated at 
various power ratings are shown in Figure 50; the histories of these ele
ments are presented in Table 20. 

8.4 DENSIFICATION 

Fuel densification during irradiation is influenced by burnup and tempera
ture. The process begins from the start of fuel operation and is virtually 
complete at burnups from 120 to 240 MW«h/kg U (Pickman 1972). Fuel swell
ing from fission-product accumulation dominates above 240 MW»h/kg U. 

At temperatures below about 1200°C, the initial sintering porosity in the 
U02 is removed by preferential migration of uranium interstitials produced 
during fission to the sintering pores (MacEwen and Hastings 1975, Assmann 
and Stehle 1976, Hastings and Evans 1979). Concurrently, vacancies migrate 
to free surfaces, producing the observed decrease in volume or densifica
tion. This was illustrated in Figure 44. The maximum fission-induced 
densification occurs at about 1000°C (Hastings 1982). This occurs at a 
fractional radius of 0.8 in a typical CANDU fuel element (Figure 50(c)). 
The sintering porosity is replaced by fission gas bubbles at ~1200°C. 
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FIGURE 50(a): Cross Section of NPD Production Element. 
Reported linear power 20 kW/m (Q19F4) 
(Hastings 1982) 

FIGURE 50(b): Cross Section of Douglas Point Element. 
Reported linear power 40-50 kW/m (P31B3) 
(Hastings 1982) 

FIGURE 50(c): Cross Section of Pickering Element. 
Reported linear power 50 kW/m (K38A1) 
(Hastings 1982) 

FIGURE 50(d): Cross Section of Genlilly-1 Element. Reported 
linear power 57 kW/m (K62G2) (Hastings 
1982) 
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TABLE 20 

HISTORIES OF FUEL ELEMENTS EXHIBITING PELLET CRACKING 

(Hastings 1982) 

NPD PRODUCTION ELEMENT 

Fuel Type 
Fuel Identification 
Enrichment 
Where Irradiated 

Fuel Density 
Fuel Pellet Diameter 
Fuel Cladding 
Reported Linear Power 

Grain Growth, r/a 
Calculated Linear Power 
Burnup 
Comments 

(Figure 50(a)) 

NPD Production, 19-element 
Bundle 6382 (CRNL-221) 
Natural 
NPD Channel K7W for 375 hot 
coolant days, 1967 May to 
November 3 
10.6 Mg/m3 

14.30 mm 
Zircaloy-4, 0.38 mm thick 
16.9 kW/m nominal, 
20.1 kW/mpeak 
No grain growth 
-
251 GJ/kgU 
All NPD Production bundles 
(both 7-elemcnl and 9-clement) 
operated at low ratings. No 
discernible grain growth is 
expected in any NPD U02 pellet. 
Radial cracking is present. 

PICKERING-A PRODUCTION ELEMENT 

Fuel Design 
Fuel Identification 
Enrichment 
Where Irradiated 
Fuel Density 
Fuel Pellet Diameter 
Fuel Cladding 
Reported Linear Power 
Grain Growth, r/a 
Calculated Linear Power 
Burnup 
Comment 

(Figure 50(c)) 

Pickering A 
Bundle I0224C 
Natural 
Pickering A, Unit 1, L18W06 
10.6 Mg/m3 

14.26 mm 
Zircaloy-4, 0.38 mm thick 
50 kW/m 
0.38 
51 kW/m 
805 GJ/kg U 
Constant heat rating throughout 
the irradiation. Circumferential 
and radial cracking. 

DOUGLAS POINT PRODUCTION ELEMENT 

Fuel Type 
Fuel Identification 
Enrichment 
Where Irradiated 
Fuel Density 
Fuel Pellet Diameter 
Fuel Cladding 
Reported Linear Power 

Grain Growth, r/a 
Calculated Linear Power 
Burnup 
Comment 

(Figure 50(b)) 

Douglas Point Production 
Bundle 4811C 
Natural 
Douglas Point Channel K9W 
10.6 Mg/m3 

14.26 mm 
Zircaloy-4, 0.38 mm thick 
39.3 kW/m at identified end of 
bundle, 
49.4 kW/m at unidentified end of 
bundle 
The cross section shown comes 
from a mid-length position 
0.13 
44 kW/m 
549 GJ/kg U 
Radial and circumferential 
cracking 

GENTILLY-1 PRODUCTION ELEMENT (non-CANLUB) 

Fuel Type 

Fuel Identification 

Enrichment 
Where Irradiated 

Fuel Density 
Fuel Pellet Diameter 
Fuel Cladding 
Reported Linear Power 
Grain Growth, r/a 
Calculated Linear Power 
Burnup 
Comment 

* Boiling Light-Water 

(Figure 50(d)) 

Genlilly-l" Production, 
non-CANLUB 
Bundle GF-012W, Element 4 
(CRNL-1372) 
Natural 
Gcntilly-1 Channel J-05, 
Location 7 
10.6 Mg/m3 

18.49 mm 
Zircaloy-4, 0.49 mm thick 
57 kW/m 
0.48 
57 kW/m 
310 GJ/kg U 
Circumferential and radial 
cracking 

(BLW) reactor 
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About 2% of the pellet volume experiences maximum densification at 1000 
± 100°C. Densification and the removal of sintering porosity in irradiated 
CANDU fuel is shown in Figures 45 and 46. 

8.5 FISSION GAS BUBBLES 

The sintering porosity is replaced with fission gas bubbles above about 
1200°C. In a typical CANDU fuel elïment (Figure 50(c)), the maximum swell
ing due to fission gas bubbles occurs at 1500°C at a fractional fuel radius 
of 0.4. The swelling contribution from solid fission products at 1500°C is 
about 0.6 vol.% (see Section 7.3) and the porosity in the fuel due to in-
tergranular fission gas bubbles is 2.9 vol.£. Since intragranular fission 
gas bubbles provide a negligible contribution, the total volume occupied by 
fission gas bubbles and solid fission products is calculated to be about 
3.5%. Fission-product precipitates are associated with fission gas bubbles 
(Hastings 1974). The most common precipitates are the metallic inclusions 
Mo, Tc, Ru, Rh, Pd (Bradbury et al. 1965, Jeffery 1967), less common preci
pitates include oxide inclusions containing Ba, Sr, Zr and Ce (Bradbury et 
al. 1965, Jeffery 1967). Hastings (1974) postulated that bubble/precipi
tate interaction may modify fission gas bubble migration, fuel swelling and 
gas release. Fission gas bubbles in fuel from a typical CANDU fuel element 
are shown in Figures 30 and 31. 

8.6 GRAIN GROWTH 

Equiaxed grain growth is a common structural feature of fuel in commercial 
CANDU reactors; the onset of such growth occurs at about 1500°C. The ex
tent of equiaxed grain growth can be used as a temperature indicator in 
irradiated U02 (MacEwan and Hayashi 1967). At temperatures £l700°C, and 
with gradients of ^200°C/mm, columnar grain growth can occur as a result of 
pore migration by a sublimation process (MacEwan and Lawson 1962, Nichols 
1967). Linear powers in excess of 60 kW/m are required to achieve the 
temperatures and temperature gradients necessary for columnar grain growth 
in high-density U02 fuel. Also, fuel with a density, less than 10.6 Mg/m3 

is more susceptible to columnar growth. As noted previously, only equiaxed 
grain growth is observed in commercial CANDU fuel subjected to normal oper
ating conditions. Figure 30 illustrates the extent of equiaxed grain 
growth observed in a typical irradiated CANDU element (see Figure 40 for a 
comparison with unirradiated U0 2). The variation in measured grain size as 
a function of fractional fuel radius in a sample from a typical Pickering 
irradiated fuel element is shown in Figure 51 (Hastings et al. 1979). 

The figure also includes grain sizes calculated by the ELESIM fuel perform
ance code (Notley and Hastings 1980), and the variation in calculated grain 
size due to a ±5% uncertainty in reactor power history. Calculated fuel 
centreline temperatures for elements from a number of Pickering bundles are 
presented in Table 21. Figure 52 shows the calculated and observed grain 
sizes for the elements described in Table 21. 



- 75 -

PICKERING BUNDLE 14672 

O OBSERVEO ' _ 

— CALCULATED 

NOMINAL POWER 

•^W-O n O •O-O-C 

1 
0.2 0.4 0.6 0.8 

FRACTIONAL FUEL RADIUS 

.0 

FIGURE 51: Measured and Calculated Grain Size as a Function of Fractional 
Fuel Radius for a Section from a Pickering Fuel Bundle Irradia
ted to 200 MW»h/kg U at 46 to 55 kW/m (Hastings 1982) 
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FIGURE 52: Measured Versus Calculated Grain Sizes for Elements from the 
Pickering Bundles Described in Table 21 (Notley and Hastings 
1980) 
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TABLE 21 

CALCULATED FUEL CENTRELINE TEMPERATURES FOR ELEMENTS FROM 

A NUMBER OF PICKERING FUEL BUNDLES 

(Bradbury et al. 1965) 

Bundle 
Identity 

No. 

Linear 
Power 
Range 
(kW/m) 

Burnup 
(MWh/kg U) 

Tc Max. 
(°C) 

Tc Min. 
<°C) 

14672 
15527 
10717 
10224 
14966 
09794 

46-55 
47-57 
36-56 
40-55 
40-57 
35-59 

200 
190 
210 
220 
180 
220 

1857 
1887 
1842 
1760 
1857 
1927 

1497 
1577 
1157 
1327 
1327 
1157 

FUEL CLADDING PROPERTIES 

AECL Research has stored used fuel in water pools since 1947 (Remington et 
al. 1984). Examinations of Zircaloy-clad fuel stored for up to 17 a (Hunt 
et al. 1981) and for up to 27 a under water (Wasywich and Frost 1990) have 
revealed little or no evidence of cladding degradation, attesting to the 
durability of zirconium alloys in a non-saline, aqueous environment. This 
evidence indicates that, at the time of disposal, the condition of the fuel 
cladding will likely be very similar to its condition when it was 
discharged from the reactor. 

The successful experience with storage has led to the question as to whe
ther some credit can be claimed for the cladding as an additional barrier 
to radionuclide release during disposal. This question must be assessed 
with respect to two important considerations: 

1. the anticipated vault environment compared with that of a water 
storage bay; and 

2. geological disposal times compared with interim-storage times. 

These considerations cause many waste management researchers to be cautious 
about claims that the cladding might provide an important additional bar
rier to radionuclide release should the disposal container be breached by 
corrosion. Clearly, the cladding would be subjected to a much harsher 
environment at vault temperatures, which may approach 100°C, and in the 
presence of saline groundwater, than that of a chemically controlled, low-
temperature water bay. However, more work remains to be done to define the 
processes by which zirconium alloys could degrade and the potential for 
such degradation under disposal-vault conditions. 



- 77 -

If the cladding can provide only a few years, or decades, of corrosion 
resistance, the radionuclide source term for the long-term environmental 
impact assessment would not be strongly affected. Alternatively, 
significantly longer cladding lifetimes, of the order of several hundred 
years, could extend the release time of some radionuclides and markedly 
reduce their environmental impact potential. 

Given the current state of understanding of fuel cladding behaviour under 
potential disposal-vault conditions, the assumption of applying no credit 
for the cladding as an additional barrier to radionuclide release seems 
appropriate to ensure that the environmental impact assessment is conser
vative. However, future work in Canada and other countries may make it 
possible to reassess this approach. 

Although the cladding may prove to be of little importance as a long-term 
barrier, its short-term durability is very relevant to the environmental 
impact assessment and the development of engineering technologies associ
ated with the preclosure phase of a disposal vault. For example, if a sig
nificant fraction of used-fuel bundles was found to be susceptible to dam
age during transportation, this would have to be included in the preclosure 
assessment, and/or methods might have to be developed to reduce the damage 
frequency. However, the results of shock and vibration tests performed on 
used-fuel bundles indicated that used-fuel bundle transportation on most 
provincial highways would not present any hazard to fuel-bundle integrity 
(see Section 10.2.3). Since a description of the mechanical properties of 
used-fuel cladding pertinent to handling, transportation and immobilization 
procedures is important for any characterization of used fuel, these topics 
are discussed in Sections 10.2 and 10.3. 

Although water-filled bays are the primary storage method currently em
ployed in Canada for power-reactor fuel bundles, other potentially more 
economical methods are receiving attention by AECL Research and Ontario 
Hydro (see Section 10). All of these are based on the concept of dry 
storage. While the economics of dry storage appear to be favourable, one 
potential drawback is the possibility that degradation may be accelerated 
by higher storage temperatures. Therefore, research is under way to study 
used-fuel durability under long-term (~50 a) dry-storage conditions 
(Oldaker 1979, Oldaker et al. 1979, Walker and Cracknell 1981). 

Section 9 describes the physical properties of zirconium, the cladding used 
to fabricate fuel for early and current CANDU reactors, and addresses the 
cladding microstructure, crystallographic texture, mechanical properties, 
fuel-bundle impact and fatigue properties and any degradation processes 
occurring under present (i.e., wet) or possible future (dry) storage 
conditions that could affect handling, transportation or immobilization 
processes. 

9.1 ZIRCONIUM 

Zirconium is produced from zirconium sand (zirconium silicate, ZrSi04). 
The ZrS104 is melted with graphite to form zirconium carbon nitride. This 
compound is chlorinated, then reduced by magnesium to form magnesium chlor
ide and zirconium, which are separated by a distillation process. The 
zirconium product, a zirconium sponge, is broken up into small lumps. The 
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sponge is compacted together with alloying elements and melted in an arc 
furnace to form an ingot. Ingots are usually double-arc-melted to homoge
nize the alloy, then forged in preparation for further processing into bar, 
sheet or extrusion billets. Typical physical properties of zirconium are 
presented in Table 22. 

Since natural uranium was selected as the fuel for CANDU power reactors, 
strict attention was paid to neutron economy to exploit the cost advantages 
of the natural-uranium fuel cycle. Consequently, zirconium alloys were 
chosen as the cladding and pressure tube materials in the CANDU system 
because of f-heir low neutron absorption cross section. Two zirconium al
loys, Zircaloy-2 and Zircaloy-4, have been used for fuel cladding. The 
compositions of these two alloys are shown in Table 23. 

9.2 FUEL CLADDING CHEMICAL COMPOSITIONS 

The properties of Zircaloy fuel cladding are determined by the chemical 
composition (Tabic 23), and the details of the fabrication schedule 
(Table 24) determine the crystallographic texture and microstructure. The 
properties are modified locally by the welding and brazing processes used 
to assemble the fuel bundle. 

The phase relationships of the alloying elements in Zircaloy-4 are shown in 
Figure 53 (Hansen 1958, Holt et al. 1975). Oxygen and tin stabilize the 
hexagonal close-packed ar-zirconium phase below 1135 K (862°C) in pure zir
conium, and increase the temperature of transformation to the body-centred 
/J-zirconium phase. Oxygen is soluble at about 30 at.X in the a phase, but 
tin has a low solubility below 700 K (427°C), and forms the intermediate 
compound Zr4Sn. Iron and chromium depress the transformation temperature 
and have very low solubility in the a phase. They form the intermediate 
compounds ZrCr2 and ZrFe2. In the Zircaloys, the a phase is stable up to 
about 1100 K (827°C), a two-phase region of a + p extends to about 1260 K 
(987°C), and the p phase is stable above 1260 K. These temperatures define 
the limits for the various heat treatments during fabrication of the clad
ding and assembly of the bundles. 

The specified iron, tin and chromium give the Zircaloys their good corro
sion resistance. In the specified range, 900-1500 ppm, oxygen in solution 
strengthens Zircaloy by 30-50 MPa at 575 K (302°C). There is a correspond
ing decrease in ductility at very high oxygen or nitrogen concentrations, 
and the material becomes embrittled (Rubenstein et al. 1961, Schwope and 
Chubb 1952). Nitrogen also reduces the corrosion resistance of Zircaloy-2 
(Armand et al. 1986). 

9.3 FUEL CLADDING MICROSTRUCTURE 

Zirconium alloys have a complex microstructure affected by heat treatment 
and cold working, which in turn affects their properties. The fracture 
ductility, fracture stress and strength of zirconium increase with de
creasing grain size (Coleman and Hardie 1966). To a large extent, the zir
conium alloys owe their good mechanical properties to their fine a-grain 
size. To assure good ductility, the grain size of Zircaloy fuel cladding 
is specified as <10 fim for CANDU reactors. This is easily achieved in 
cnld-worked or annealed cladding since the fine precipitates inhibit grain 
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TABLE 22 

TYPICAL PHYSICAL PROPERTIES OF ZIRCONIUM 

(Cheadle 1975) 

Atomic number 

Atomic weight 

Density at 300 K 

Melting temperature 

Transition temperature a •* 0 

Coefficient of thermal \ 
expansion at 570 K J 

Specific heat at 300 K 

Thermal conductivity at 300 K 

Thermal neutron capture 
cross section } 

Electric resistivity 

Young's modulus at 300 K 

Poisson's ratio at 300 K 

} 

Lattice parameters at 300 K 
hexagonal a 

body-centred cubic 0 

40 

91.2 

6.5 Mg/m3 

2125 K (1850°C) 

1135 K (862°C) 

[1120] direction 6.3 x 10"6/K 
[0001] direction 10.4 x 10-6/K 

276 J/(kg»K) 

20 W/(m«K) 

microscopic 18 fm2 

macroscopic 0.008 cm2/cm3 

0.44 Mfi*ni 

[1120] direction 99 GPa 
[0001] direction 125 GPa 

0.35 

a0 = 0.323 nm, C0 = 0.515 nm 
a„ = 0.359 nm 

TABLE 23 

CHEMICAL COMPOSITIONS OF ZIRCALOY-2 AND ZIRCALOY-4 

(Holt et al. 1975) 

Zircaloy-2 Zircaloy-4 

Sn 
Cr 
Fe 
Ni 

Total Cr + Fe + Ni 
0 
C 
H 
N 

Balance 

1.2-1.7 wt.Z 
0.05-0.15 wt.% 
0.07-0.20 wt.Z 
0.03-0.08 wt.Z 
0.18-0.38 wt.Z 
900-1500 ppm 
80-300 ppm 
<25 ppm 
<65 ppm 

1.2-1.7 wt.Z 
0.07-0.13 wt.Z 
0.18-0.24 wt.Z 

<70 ppm 
0.28-0.37 wt.Z 
900-1500 ppm 
80-300 ppm 
<25 ppm 
<65 ppra 

Zr + permitted impurities 
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TABLE 24 

TYPICAL FUEL CLADDING FABRICATION SCHEDULE 

(Holt et al. 1975) 

Starting Material: 

Number of cold reductions 
and intermediate anneals 
depends on size of tube shell 

Zircaloy-4 ingot 
i 

Forge to bar 
4. 

Machine billet 
i 

Extrude tube shell 
I 

Anneal 
i 

Cold-work 
I 

Anneal 
I 

Cold-work. (40-70% reduction) 
I 

Stress relieve 
I 

Final sizing (<3% reduction) 

1400 h 

^ 
LU 
DC 
D 
H < 
OC 

1200 

1000 

LU 

8 0 0 -

0 + Zr4Sn 

15 0 0.5 1.0 
OXYGEN 

1200-

1100 

1000-

0 | 2 

CHROMIUM IRON 

CONCENTRATION (wt%| 

FIGURE 53: Phase Relationships for Major Alloying Elements in Zircaloy 
(Hansen 1958, Holt et al. 1975) 
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growth during intermediate annealing. To assure the presence of second-
phase particles and a fine a-grain structure after brazing, the minimum 
carbon concentration is specified at 80 ppm. The particles also have a 
slight beneficial effect in impeding the growth of p grains. In the 
annealed condition, the fuel cladding has an equiaxed a-zirconium grain 
structure, as shown in Figure 54(a), while the a-zirconium grains are 
elongated in the cold-worked or as-drawn condition, as shown in Fig
ure 54(b). 

(a) (b) 

FIGURE 54: Structure of Current CANDU Zircaloy-4 Fuel Cladding 
(a) Annealed, (b) As-Drawn (Gacesa et al. 1983) 

CANDU fuel bundles incorporate Zr-5 wt.% Be brazements for attaching Zirca-
loy bearing and spacer pads to the Zircaloy fuel cladding. The cladding 
surrounding the appendages is induction-heated to 1335 K (1060°C) in a 
vacuum, which converts it to the p phase and alters its metallurgical 
structure and mechanical properties. When the Zr-4 is heated and converted 
to the p phase (>125O-1270 K (977-997°C)), grain growth is rapid and large 
P grains are achieved in a few minutes (Okvist and Kâllstrôm 1970; Holt 
1970, 1973). The brazing cycle can produce a y9-grain size approaching the 
cladding wall thickness (0.4 mm). In typical CANDU fuel cladding, the 
average prior /3-grain size is about 140 urn and there are always at least 
two grains across the cladding wall thickness. 

At intermediate and slow cooling rates (>500 K/s (277°C/s)), each p grain 
transforms to produce a Widmanstatten structure of small plate-like a 
grains (Figure 55(a)). Twelve a orientations occur within each prior p 
grain (Glen and Pugh 1954, Cheadle and Ells 1966). The a grains nucleate 
heterogeneously at the prior 0-grain boundaries or at second-phase impurity 
particles identified as zirconium carbides or phosphides (Ôkvist and Kâll
strôm 1970, Holt 1970). If the second-phase particles are sparse, one p 



- 82 -

grain transforms almost completely to many a grains of the same orientation 
as long as they nucleated from the same prior £-grain boundary (Figure 
55(b)). During deformation, these colonies of "effective a-grains" behave 
as a single grain. It has been found that /9-treated fuel cladding has 
lower strength and ductility than a-annealed cladding because of the large 
effective a-grain size of the ^-treated material (Holt et al. 1975). 

-*- 0.1 mm •*+ *- 0.1 mm 

(a) (b) 

FIGURE 55: Photomicrographs Showing Variations in Grain Structures of 
Zircaloy Fuel Sheathing Air-Cooled from the p Phase, Showing 
Large Areas of a Platelets of Similar Orientation (Holt et al. 
1975) 

High-speed electromotive force welding and resistance spot-welding are used 
to attach the end caps to the cladding, and the end plates to the end caps 
during bundle assembly (Durant 1972). These processes are instantaneous 
and produce very fine p grains, as shown in Figure 56. 

9.4 CRYSTALLOGRAPHIC TEXTURE 

Zirconium has a close-packed hexagonal crystal structure (Figure 57) at 
temperatures below 1100 K (827°C), which results in anisotropic mechanical 
properties. This is because there are only a few deformation systems that 
operate in the a-zirconium hexagonal crystal structure (Picklesimer 1966, 
Reed-Hill 1962). The favoured deformation modes are slip when stress is 
applied approximately perpendicular to the basal pole, and twinning when 
stress is applied close to the basal pole (Steward and Cheadle 1967). The 
flow stress for slip is lower than that for twinning, and this results in 
higher strengths when a majority of grains are oriented with their "c" axes 
parallel to the stress axis rather than their "a" axes. 
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•*- 0.1 mm 

FIGURE 56: Photomicrograph Showing the y3-Grain Structure in the Zircaloy 
and End-Cap/Cladding Weld Region (Holt et al. 1975) 
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FIGURE 57: Slip and Twinning Planes in a Zirconium (Holt et al. 1975) 

During fabrication, the grains of a-zirconium alloys develop a preferred 
orientation, or crystallographic texture, which depends on the manufactu
ring route and, in particular, the deformation during the final stages of 
fabrication (Cheadle et al. 1967). Crystallographic textures can be deter
mined in several ways. One method is the inverse pole figure technique, 
which measures the intensities of all the crystallographic planes in a 
given direction. The textures may then be compared on the basis of several 
idealized orientations of the basal poles, as shown in Figure 58. 



- 84 -

RADIAL 
DIRECTION 

TANGENTIAL 
OIRECTION 

AXIAL 
DIRECTION 

FIGURE 58: Idealized Orientations (Holt et al. 1975) 

As-extruded tubes have a majority of grains in the A and AB orientation, 
cold-drawn tubes have a mixture of A and AB or C and CB orientations, and 
tube-reduced tubing can have either a preponderance of A and AB, or C and 
CB, depending on the relative amount of diameter reduction or wall thinning 
achieved. Fuel cladding tubes have very few grains in the D and DB orien
tations, and so the deformation in the axial direction is predominantly by 
slip. Thus, the relative strength in the axial direction is a good measure 
of the amount c£ residual cold-work, in the tubing (Millar and Swota 1963). 
The best combination of strength and ductility is obtained when most grains 
have their basal poles in the radial direction. For fuel cladding, the C 
and CB orientations are desirable. These can be obtained by tube reducing 
to produce a larger reduction in wall thickness than in diameter during the 
final fabrication stages (Cheadle et al. 1967). 

Tests performed on unirradiated Zircaloy ring specimens indicated that 
crystallographic texture dictates the direction of crack propagation (Wood 
1972/73), as shown in Figure 59 (Hastings et al. 1983a). Specimens cut 
from tubes with tangential basal poles (A/C = 1.72) cracked radially, 
whereas those from tubes with radial basal poles (A/C = 0.73) contained 
branching cracks oriented about 45° to the radial direction. 

I®- i 
1 \ 

FIGURE 59: Effect of Crystallographic Texture on Crack Path (Hastings et 
al. 1983a) 
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9.5 THERMAL CONDUCTIVITY OP FUEL CLADDING 

The thermal conductivity of Zircaloy varies with temperature. Significant 
variations in thermal conductivity can occur, even in batches of the same 
material. These variations are due, in part, to the difficulty of measu
ring accurate values and/or to minor differences in chemical composition 
and microstructure of the material. In particular, the presence and struc
ture of metallic and oxide phases, in or on fuel cladding, can markedly 
affect its thermal conductivity. 

Both Petersen (1975) and Hammer (1967) presented thermal conductivity data 
for Zircaloy-A as a function of temperature. Their data were derived from 
several sources. A curve presented by Petersen according to work by 
Chirigos et al. (1961) agrees well with combined source data recommended by 
Hammer and is shown in Figure 60. 

The thermal conductivity of Zr02 is about one-tenth that of Zircaloy metal. 
However, the oxide layer on irradiated CANDU fuel cladding is typically 
quite thin, about 1-2 /xm. Consequently, the overall effect of the surface 
oxide layer on the radial and axial thermal conductivity of the cladding 
will not be significant. Any disruption of the surface oxide layer (e.g., 
by cracking due to thermal cycling and handling) would likely reduce its 
effect on the overall thermal conductivity. Consequently, the data pre
sented in Figure 60 still apply. 

9.6 HYDRIDING AND DEUTERIDING FUEL CLADDING 

Zircaloy has a marked affinity for hydrogen and deuterium pickup, resulting 
in the formation of a solid hydride/deuteride second phase, which makes the 
hydrided/deuterided Zircaloy less ductile at low temperatures (Figure 61). 
Both the internal atmosphere of the fuel element and the chemistry of the 
coolant must be controlled to prevent excess hydrogen or deuterium accumu
lation in the Zircaloy. Hydriding and deuteriding in fuel cladding are 
discussed separately in the following sections. 

9.6.1 Hvdriding 

Current commercially available fuel cladding contains a residual hydrogen 
concentration of about 15 /ig/g; the maximum concentration allowed in the 
present AECL specifications is 25 jtg/g. Hydrogen is- also present inside 
the fuel element, mainly in the form of moisture in the U02 pellets, in the 
graphite CANLUB coating and in the fuel-element filling gases (Cox 1983). 
Approximately half of the hydrogen within a fuel element comes from the U02 

pellets, the other half from the graphite CANLUB coating. Less than 1% 
originates from the filling gases and very little from the Zircaloy. 

When the zirconium hydride platelets (Figure 62) are perpendicular to the 
tensile axis (Marshall and Louthan 1962), they may have a severe embrit
tling effect on zirconium alloys at temperatures below about 425 K (152°C) 
(Evans and Parry 1966). Since fuel claduing is stressed in both the axial 
and circumferential directions during service, it is desirable that any 
hydrogen picked up during service precipitate as circumferential hydride 
platelets. 
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FIGURE 60: Thermal Conductivity of Zircaloy-4 (Hammer 1967) 

The orientation of hydrides in unstressed fuel cladding depends on the ma
terial's texture and the fabrication procedures used (Marshall 1967, Kearns 
and Voods 1965). After either hot or cold working, hydrides precipitate 
perpendicular to the direction of the major compressive strain (Ells 1968). 
Thus, a large compressive strain in the radial direction is required in the 
last cold reduction stage to orient the hydrides circumferentially, as 
shown in Figure 62. The platelets in Figure 62 are referred to as hydride-
deuteride platelets. Atoms of hydrogen and deuterium can be assumed to act 
in a similar manner, and are interchangeable in the hydride phase. Both 
hydride and deuteride are indistinguishable by microscopic examination; 
thus the hydrogen equivalent can be represented by /xg/g (wt.) H + 1/2 #g/g 
(wt.) D. 
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FIGURE 61: The Effect of Temperature on the Tensile Ductility of Hydrided 
Zircaloy. Hydride platelets are normal to the tensile axis 
(0. Lepik and R. Sejnoha, unpublished data). 

Hydrogen originating from within the fuel element can be absorbed locally 
in the cladding to form localized regions of high hydrogen concentrations 
or "blisters" of zirconium hydride. The amount of hydrogen available from 
the fuel stack for the formation of hydride blisters is proportional to the 
element length. It is assumed that these areas of high concentration are 
formed when the protective zirconium oxide layer on the inner cladding 
surface is broken down or locally sensitized, creating isolated "windows" 
that absorb most of the hydrogen. The oxide film may also be damaged by 
chemical species released from the fuel, mechanical damage by interaction 
with the fuel pellets or possibly by radiation effects (Proebstle et al. 
1975). Once a break occurs in the oxide film, localized massive hydriding, 
such as that shown in Figure 63, can occur when the solubility of hydrogen 
in the Zircaloy is exceeded and the supply rate of hydrogen at this loca
tion exceeds the diffusion rate away from the reaction area. Cracking of 
the hydride blister can then occur, either from differential thermal expan
sion during a power change, or from the volume change accompanying the re
action Zr -• ZrHx, or from stoichiometry changes and internal stresses 
within the hydride. 

To prevent hydride blisters from occurring, AECL specifies a maximum hydro
gen concentration per element that would be required to form two blisters 
if all of the hydrogen was to concentrate locally. The effectiveness of 
this specification has been proven by the fact that over 12 million CANDU 
fuel elements have been irradiated without any evidence of an internal 
hydriding problem. Typical hydrogen concentrations in CANDU fuel cladding 
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FIGURE 62: Hydride-Deuteride Platelets Oriented Primarily ir the Circum
ferential Direction (0. Lepik and R. Sejnoha, unpublished data) 

are presented in Figure 64 and in Hastings et al. (1983c), Hunt et al. 
(1981), Vasywich et al. (1984, 1986a) and Wood et al. (1984). 

9.6.2 Deuteriding 

During reactor operation, additional amounts of hydrogen isotopes (deute
rium) are picked up by the fuel cladding from the following sources: 

1. deuterium (LiOD) added to the coolant to suppress the production 
of radiolytic oxygen; 

2. deuterium produced by the radiolysis of the coolant; and 

3. deuterium produced by corrosion of the Zircaloy. 

The last source is the main one that contributes to the deuterium concen
tration within the cladding, and is represented by the following exothermic 
reaction: 

Zr + 2D20 ZrO, 2D, 

The rate of deuterium pickup from the hot pressurized coolant varies with 
the rate of oxidation. The initial pickup rate falls off rapidly as the 
zirconium oxide thickens. This occurs because the deuterium must diffuse 
through the zirconium oxide film before it can be absorbed by the cladding. 
After a transition in the oxidation kinetics, which occurs when the zirco
nium oxide is 2-3 (im thick, deuterium is picked up at a rate that is rough-
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FIGURE 63: Localized Hydriding of Fuel Cladding (0. Lepik and R. Sejnoha, 
unpublished data) 

ly linear with time (R.B. Maxwell, unpublished data). In CANDU-PHW reac
tors, deuterium absorbed from the corrosion reaction can be distinguished 
from hydrogen present in the as-fabricated fuel cladding or absorbed from 
other materials within the fuel element by mass spectrometer analysis. 
Generally, the deuterium concentration in the cladding increases with in-
reactor fuel bundle residence time, while hydrogen pickup occurs mainly 
during the initial irradiation period. 

Typical deuterium concentrations in CANDU fuel cladding are shown in Fig
ure 65. 

The effects of various deuterium gas concentrations in the coolant on the 
deuterium pickup by Zircaloy-2 and nickel-free Zircaloy-2 in NPD are shown 
in Figure 66. 

9.7 CORROSION OF FUEL CLADDING IN WATER 

When CANDU fuel bundles are irradiated in high-temperature water, the Zir-
caloy cladding corrodes to form zirconium oxide, Zr02. The corrosion rate 
depends strongly on coolant chemistry, especially on the dissolved oxygen 
concentration in the water (Urbanic 1982). The loss of metal by corrosion 
is not a major concern during the normal fuel-cladding life, provided that 
the coolant chemistry is well controlled. When the reactor coolant is 
maintained under normal reducing conditions at high pH (5 to 10 cm3 D2/kg 
D20; <5 /ig 02/kg D20; pH > 10 with LiOD), as it has been in the Bruce and 
Pickering reactors, Zircaloy corrosion is low and uniform (Hastings et al. 
1983c) and the Zr02 is black and lustrous in appearance. Under more oxidi
zing conditions, at high pH (<1 cm3 D2/kg D20; 15 to 40 ng 02/kg D20; 
pH > 10 with LiOD), such as those that occurred during the early operation 
of the NPD and Douglas Point reactors, the Zircaloy cladding developed 
nonuniform, patch-type oxides. After extended exposure, these patch-type 
oxides tended to coalesce and formed a thick, white, uniform oxide layer. 
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FIGURE 64: Hydrogen Concentration in Intact Fuel Cladding Versus Time in 
(0. Lepik and R. Sejnoha, unpublished data) Hot D20 Codant 

Figure 67 summarizes the in-reactor corrosion of Zircaloy with time in 
three environments, and Figure 68 shows the thickness of typical oxide 
layers on the outside of intact CANDU fuel cladding in hot D20 coolant. 
Since a weight gain of 15 mg/dm2 is equivalent to a zirconium oxide thick
ness of 1 urn, the zirconium oxide layer on CANDU-PHU fuel cladding is typi
cally 1-2 jim thick after about 600 d of in-reactor service (Figure 68). 
Fuel bundles that had been irradiated in NPD for -15 a were examined, and 
the maximum waterside zirconium oxide thickness on the cladding was still 
<10 nm. 
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FIGURE 65: Deuterium Concentration in Intact Fuel Cladding Versus Time in 
Hot D20 Coolant (0. Lepik and R. Sejnoha, unpublished data) 
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FIGURE 66: Deuterium Pickup of NPD Cladding (Page 1976) 
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FIGURE 67: In-Reactor Corrosion of Zircaloy in Three Environments 
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9.7.1 Corrosion in Bearing-Pad/Cladding Braze Regions in Water 

In the fabrication of CANDU fuel bundles, the bearing pads and interelement 
spacers are attached to the cladding by beryllium brazing. Corrosion data 
have shown that those portions of the cladding heated into the /3-Zr temper
ature region during the brazing operation display less corrosion than the 
rest of the cladding (Urbanic et al. 1979, Johnson and Horton 1977). Al
though the observed corrosion rate in the braze transition zone is higher, 
it is still low enough to be of little concern during the in-reactor life 
of the fuel (Cox 1976), 

Another localized corrosion effect arising from the brazing operation is 
oxidation of the braze alloy. Long-term corrosion tests have revealed that 
the Zr-5 wt.% Be braze alloy corrodes faster than the Zircaloy cladding 
(Hardy 1966). Although the higher corrosion rate of the braze alloy does 
not normally present a problem, it could lead to the formation of a crevice 
between the appendage and the cladding if there were voids or unbonded 
regions within the brazed joint. The presence of a crevice and, more im
portantly, the aggressive environment in the crevice could cause rapid 
cladding perforation. To ensure no crevices are present or formed, AECL 
has fuel bundle fabrication specifications regarding voids or unbonded 
regions within the brazed joint. 

9.8 MECHANICAL PROPERTIES 

The irradiation of zirconium alloys in a flux of high-energy neutrons 
damages the zirconium crystal lattice structure and changes the material 
properties. There are four important effects of irradiation: 

1. Neutron bombardment increases the material strength and decreases 
ductility. After 6 months of irradiation and a neutron dose of 
~3 x 1024 n/m2 (>1 MeV), the yield strength of fuel cladding may 
be increased by up to 130£ and the ductility reduced to less than 
\Z elongation (Chalder 1961). 

2. The severity of these changes increases at higher neutron doses 
until a saturation level is reached. 

3. The saturation level reached is temperature-dependent. 

4. Post-irradiation annealing causes the properties of the irradi
ated material to recover to values comparable to those of the 
unirradiated material. 

Therefore, following in-reactor service, the properties of zirconium alloys 
will be heavily dependent on their history, principally with respect to the 
irradiation temperature and the temperature they experience following irra
diation. During irradiation, two competing effects are at work: hardening 
due to irradiation damage and annealing due to elevated temperature. The 
lower the irradiation temperature, the harder the material becomes. It Is 
clear, therefore, that the specification of properties is not straightfor
ward for irradiated Zircaloy. This problem is further complicated by irra
diation histories that can vary because of flux distribution, refuelling 
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schemesi etc. The average final temperature experienced by Zircaloy clad
ding as it passes through the reactor is hard to define. The outlet cool
ant temperature at the Bruce generating station is about 300°C, but the 
temperature of the inner cladding surface may be as high as 350°C. 

Tests on irradiated fuel cladding have shown that those materials with the 
highest room-temperature ductility before irradiation have the highest 
ductility at 300°C following irradiation. Similarly, fuel cladding with 
the highest room-temperature strength before irradiation has the highest 
strength at 300°C after irradiation (Figure 69). Figure 70 shows the in
fluence of cold working, represented by the axial ultimate tensile strength 
on circumferential elongation in the closed-end burst tube test (Page 
1976). 

Table 25 describes the effects of crystallographic texture (grain orien
tation) and irradiation on the mechanical properties of Zircaloy-2 fuel 
cladding. The mechanical properties of irradiated Zircaloy-4 can be 
assumed to be the same as those for Zircaloy-2 (Hastings et al. 1983c). 
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FIGURE 69: Correlation between the Mechanical Properties of Irradiated 
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9.9 DEFECT MECHANISMS IN FUEL CLADDING 

Laboratory and in-reactor experiments have identified two mechanisms that 
can cause fuel cladding to crack during power ramps. A third mechanism has 
been identified that may or may not cause clad cracking during power ramps. 
The primary mechanism is stress-corrosion cracking (Figure 71) associated 
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FIGURE 70: 

Irradiated to 
a x l O ^ n / c m * 

As-received Zircaloy (cold work) 

Alpha-annealed Zircaloy 

As-received Zr - 2.5% Nb 

AXIAL U.T.S. AT ROOM TEMPERATURE (MN/m2) 

U.T.S. = Ultimate Tensile Strength 

Influence of Cold Working as Represented by the Axial Ultimate 
Tensile Strength on Circumferential Elongation in the Closed-
End Burst Test (Page 1976) 

with fission-product corrodents, most likely iodine-based, at specific com
binations of stress and iodine concentrations (Robertson 1973, 1975a; Cox 
and Wood 1974; Wood 1974). Recent post-irradiation studies show excess 
iodine over cesium at cladding regions corresponding to pellet interfaces 
(Lysell and Schrire 1990). During power boosts, fission-produced iodine 
from the surfaces of freshly formed cracks in the U02 could impinge on the 
stressed regions of the cladding near the cracks, eventually leading to 
cladding failure by stress-corrosion cracking of the Zircaloy. Lysell and 
Schrire (1990) describe fission-product distributions in the cladding at 
different power levels. 

A number of fuel cladding defects were observed during a recent post-
irradiation examination of two Bruce bundles that had experienced outer 
element burnups up to 770 MW»h/kg U (Novak and Hastings 1991). The primary 
cause of the defects in all cases was stress-corrosion-cracking failure 
through the cladding in the heat-affected zone of the inboard (the end of 
the bundle where the end bearing pad is further in from the end of the 
bundle) end-cap/cladding weld. High stresses at both ends of the elements 
were indicated by aligned hydrides. The intact outer elements of these 
bundles also experienced high fission gas releases (up to 28£) and a 
diametral strain of up to 2Z. The authors stated that there appeared to be 
a burnup-threshold value above which enhanced fission gas release, with 
accompanying element swelling, leads to failure. 



TABLE 25 

THE EFFECT OF TEXTURE AND IRRADIATION ON THE MECHANICAL PROPERTIES 

OF ZIRCALOY-2 FUEL CLADDING 

(Holt et al. 1975) 

Batch 
Identity 

Test Test Temperature 
(K) 

295 
575 

295 
575 

295 
575 

295 
575 

295 
575 

295 
575 

Unirradiated 

0.2%YS1 

(MPa) 

545 
360 

577 
350 

539 
350 

611 
350 

688 
410 

665 
400 

UTS2 

(MPa) 

690 
430 

719 
430 

675 
390 

752 
410 

752 
450 

696 
410 

TE3 

16.5 
11.8 

6.3 
5.4 

21.9 
19.0 

12.2 
11.6 

12.1 
21.5 

12.3 
14.8 

0.2%YS 
(MPa) 

710 
450 

743 
460 

775 
460 

766 
440 

856 
590 

838 
500 

Irradiated 

UTS 
(MPa) 

750 
660 

794 
670 

803 
480 

823 
460 

894 
590 

839 
500 

TE 
(%) 

9.8 
11.3 

2.7 
1.4 

10.5 
14.9 

11.9 
10.9 

10.3 
2.9 

3.5 
0.8 

• 

VO 

1 

7 Longitudinal tensile 

8 Longitudinal tensile 

Transverse ring 

8 Transverse ring 

Closed-end burst 

8 Closed-end burst 

1 Yield stress at 0.22 offset 

2 Ultimate tensile strength 

3 Total elongation 

4 Batch 7-majority of a-zirconium grains in A + AB orientation, 
Batch 8-majority of a-zirconium grains in C + CB orientation. 
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(Magnification 750X) 

FIGURE 71: Stress-Corrosion Cracking (Page 1976) 

The second defect mechanism is mechanical interaction of the U02 pellet 
with the cladding to cause tensile failure of the cladding without the 
assistance of iodine stress-corrosion cracking (Figure 72). It has been 
found that the necessary combination of stress and strain in the cladding 
can be produced by radial cracks in the fuel that form at pellet interfaces 

FIGURE 72: Tensile Failure of the Fuel Cladding Caused by U02 Pellet/ 
Cladding Interaction (Page 1976) 
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because of thermal expansion, and by small chips of U02 wedged between the 
fuel and cladding. Cracks in the cladding can form at high-stress areas 
when the bundle undergoes a boost in power after operating at low power for 
a considerable time. 

After these potential causes of cladding failures had been identified, fuel 
management schemes in CANDU power reactors were modified to avoid inappro
priate bundle power increases. Since 1972, this strategy has resulted in a 
marked decrease in the defect rate, equal to or below the design target of 
0.1% (Hains et al. 1986, Fanjoy et al. 1975). However, since any restric
tions imposed by fuel management procedures on reactor power are undesir
able from a reactor operations point of view, a program was initiated to 
produce a fuel bundle design more tolerant of power increases. This re
sulted in a new bundle design that incorporated CANLUB (Robertson et al. 
1973, Robertson 1975b, Penn et al. 1976) between the fuel and the cladding 
(see Sections 2.2 and 5.4 for more details). 

Tests have been conducted on irradiated Zircaloy cladding containing 
starter cracks to determine if they would crack further when stressed and 
exposed to iodine or cesium/cadmium vapours at typical dry-storage tempera
tures (Wood et al. 1984). These tests showed that Zircaloy with low accu
mulated fast-neutron dosages (<0.1 x 1024 n/m2) would fail only at stress 
intensities above the defect threshold previously established (Hunt et al. 
1981) for unirradiated Zircaloy. Irradiated Zircaloy with substantial 
accumulated fast-neutron dosages (2.5-9.2 x 1024 n/m2) was susceptible to 
failure at very low stress intensities (<2.5 MPa^m1*) in either iodine or 
cesium/cadmium at temperatures as low as 100CC. However, the authors of 
this work suggested that these results were highly pessimistic since the 
iodine, cesium and cadmium fissicr. products were most likely chemically 
combined with other species in the fuel elements (Wood et al. 1984). 

The third mechanism that can cause cracking in cladding is delayed hydride 
cracking (Dutton 1978). Three principal ingredients are required before 
this mechanism can occur: a defect site, stress and the presence of hydro
gen. These conditions occur during slow strain rate conditions, or in 
long-term static-load situations. This is a particularly insidious failure 
mechanism, since the time-delayed catastrophic failure is difficult to pre
dict from conventional short-term mechanical tests. The time-dependent 
failure is a consequence of the diffusive mobility of hydrogen at normal 
working temperatures, causing high localized concentrations of hydride pre
cipitates, and allowing progressive failure through embrittled zones. The 
source of hydrogen can be the surrounding environment or the metal matrix 
itself. The localized nature of the process allows embrittlement to occur 
at generally low bulk hydrogen concentrations. 

Delayed hydride cracking in zirconium alloys was first observed in experi
mental Zr-2.5Nb alloy clad CANDU reactor fuel, which underwent weld crack
ing (Figure 73) before being inserted into the reactor (Simpson and Ells 
1974). It was evident from this work that the as-received hydrogen content 
of zirconium alloys was capable of initiating and propagating a through-
the-wall crack as long as high residual stresses, a sharp notch and long 
times were present (Cox 1990). Delayed hydride cracking was first observed 
in a CANDU power-reactor fuel element (end-cap/cladding weld failures in 
Bruce A, Unit 3) in the spring of 1984, and at that time those failures 
accounted for ~11£ of all fuel defects. 
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FIGURE 73: Photomicrographs of Hydride Growth and Subsequent Crack Growth 
in a Cladding/End-Cap Weld in Zr-2.5Nb. (a) Hydride at the 
root of a cladding upset notch in a weld. The hydride at A 
formed during the four-week period after welding, (b) A crack 
extending about 90% through the cladding wall in the weld. The 
specimen shown here was prepared about two years after welding: 
the crack is at B. (From Cox (1990).) 

9.10 CLADDING FOR EARLY CANDU REACTORS (1958-19641 

9.10.1 NPD Cladding 

Zircaloy-2 was chosen as the cladding and pressure tube material for the 
first commercial CANDU power reactor, the NPD station at Rolphton, Ontario. 
NPD was commissioned in 1962 and operated until 1987. At final shutdown, a 
few of the first-charge fuel bundles were still in core. 

The choice of wall thickness for the cladding was a compromise between two 
conflicting factors: a desire for thin cladding to improve neutron economy 
versus the greater strength of thicker cladding. The emphasis on neutron 
economy led to the development of a short, simply designed multi-element 
fuel bundle. The design minimized the amount of zirconium and maximized 
the amount of U02. The wall thickness of the Zircaloy cladding was reduced 
to below that required to resist the coolant pressure (Mooradian and 
Robertson 1960, Robertson et al. 1959). One potential disadvantage of this 
design was that the cladding might form a longitudinal ridge (or "wrin
kle"), which could develop a fatigue failure during operation (MacDonald 
and Bain 1959, Chalder 1961). However, extensive testing indicated that 
collapsible cladding would not form a longitudinal ridge, but rather would 
perform satisfactorily if the initial diametral clearance between the U02 

pellets and the cladding are controlled (Chalder 1961, Mooradian 1962). 

During the early stages of NPD fuel bundle design and production, the mini
mum cladding thickness attainable was 0.635 mm because of available manu-



- 101 -

facturing and inspection techniques. The first 1194 7-element and 19-
element fuel bundles produced for NPD had this thickness. Later, with im
proved fabrication techniques, the minimum wall thickness was reduced to 
0.38 mm. This thickness was used in the remaining 347 19-element fuel 
bundles fabricated for the NPD first charge. 

Cold drawing was used to reduce the tubing to final size for the first fuel 
charge for NPD. During cold drawing, the tube is supported internally by a 
mandrel or plug, and is then drawn through a die, as shown in Figure 74. 
Several tube draws at room temperature are required to reduce the tubing to 
final size. The tubing is annealed once tube draws sufficient to build up 
30% cold work have been made. Originally, the tubing was left with only 
about 15% cold work by drawing. It was difficult to meet dimensional tol
erances with such tubing. 

FIGURE 74: Tube Deformation by Cold Drawing (Cheadle 1967) 

9.10.2 Douglas Point Cladding 

The initial Zircaloy-2 cladding for Douglas Point was produced by cold 
drawing. This process limited the reduction in area per pass to about 20%. 
It can also result in a crystallographic texture in which zirconium hydride 
precipitates tend to occur in the radial direction, an orientation that 
could lead to cracking under certain conditions (Cheadle 1967, Steward and 
Cheadle 1966). Consequently, the tube-reduction process was developed, 
where the tube is formed to finished size and annealed to relieve stress. 
The tube is compressed in the forming process by two rollers with tapered 
grooves that move in a longitudinal direction and deform the tube against a 
fixed tapered mandrel inside the tube, as shown in Figure 75 (Cheadle 
1967). Tube reductions of 60 to 70% per pass are attainable by this pro
cess. The crystallographic texture is favourable for the formation of cir
cumferential, rather than radial hydrides, and fracture ductility is maxi
mized (Steward and Cheadle 1966). This process has been adopted by all 
fabricators of zirconium alloy fuel cladding. 
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DEFORMING FORCE 

DEFORMING FORCE 

FIGURE 75: Tube Deformation by Tube Reduction (Cheadle 1967) 

9.11 CURRENT COMMERCIAL CANDU POWER REACTOR FUEL CLADDING (1964-1990) 

In 1964, the reference fuel cladding for CANDU reactors was changed from 
Zr-2 to Zr-4 on the basis that the hydrogen pickup of Zr-4 was lower. It 
has been suggested that the reduction in hydrogen absorption for Zr-4 
during exposure to high-temperature water may be due to the absence of the 
nickel-bearing intermetallic (Kass 1966). Although current CANDU fuel 
cladding has a minimum and nominal wall thickness of 0.38 and 0.42 mm 
respectively, thin-wall cladding (down to -0.30 mm) is being developed. 

In CANDU fuel elements the sheath is in intimate contact with the U02 fuel 
during irradiation. If the coefficient of friction between the two sur
faces is sufficiently high, the sheath will deform uniformly with the ex
panding fuel. Because of this phenomenon, it was decided that a specifica
tion for ductility should be adopted. In 1966, a specification for the 
mechanical property limits for Zr-2 and Zr-4 was established. In 1969, the 
mechanical property specifications were relaxed because the tubing manufac
turers were having considerable difficulty in meeting them. 

9.11.1 Douglas Point Power-Ramp Cladding Defects (1969-1970) 

A number of cladding failures occurred in Douglas Point fuel in 1969 fol
lowing on-power refuelling. The failures occurred when fuel bundles that 
had resided for a prolonged period in low-flux positions at the ends of 
fuel channels were shifted to regions of high flux during 4-bundle refuel
ling (Fanjoy et al. 1975). This was the first occurrence of power-ramp 
defects in a CANDU power reactor. An analysis of the situation indicated 
that most of the defects were confined to bundles made from highly cold 
worked batches of cladding. The irradiated cladding appeared to lack 
ductility, and tests indicated that the cold-worked batches of cladding 
could have a total circumferential elongation (TCE) very close to zero 
after irradiation. It was concluded that the defects were mechanical in 
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nature, and occurred because the ductility remaining in the cladding was 
insufficient to accommodate the thermal expansion of the U02 pellets when a 
power ramp was applied during a 4-bundle shift. This led to the adoption 
of a new set of mechanical property specifications. Also, the fuelling 
scheme was changed from a 4-bundle shift to an 8-bundle shift. This 
effectively solved the defect problem in Douglas Point for a burnup 
reduction of 5% (Millar 1975). 

9.11.2 Pickering A Power-Ramp Cladding Defects (1971-1972) 

The new set of mechanical properties specifications were introduced when 
cladding fabrication for Pickering A was already under way. Consequently, 
the first batches of cladding received for Pickering A conformed to the 
earlier specifications. 

In 1971, the first of two power-ramp defect excursions (Fanjoy et al. 1975) 
occurred in Pickering A, Unit 1, and was due to an incorrect insertion 
sequence of adjuster rods that caused local power increases of up to 46£. 
The problem was overcome by strict adherence to the proper insertion se
quence. The second excursion occurred prior to 1972 November and was the 
result of a power increase caused by 8-bundle refuelling with a very flat
tened core-flux profile. At the time, the linear powers were particularly 
high in the central regions of the reactor because of increased fuelling in 
that region to remove defective bundles caused by improper adjuster rod 
operation. When the defected cladding was inspected' ultrasonically, cracks 
were detected on the inside surfaces. Subsequent metallographic examina
tion revealed small cracks at 90" to the inside surface that had the char
acteristics of cracks caused by stress-corrosion cracking (Cox and Wood 
1974). This is now known to have been the failure mechanism. The solution 
to the failures in this case was the adoption of the 10-bundle refuelling 
scheme. 

At this stage it became apparent that the solution to power-ramp defects 
lay not with further improvements to the cladding's mechanical properties, 
but rather with improved fuel management schemes and the development of 
fuel-element designs that were more tolerant to power increases. Possible 
solutions to power-ramp defects were investigated in a series of fuel-
element tests conducted in the NRU loops (Robertson 1973). These tests in
dicated that fuel elements with a CANLUB graphite coating applied to the 
inner cladding surface could survive significant power increases. Conse
quently, CANLUB was incorporated into all production CANDU fuel bundles. 
This coating raised the defect thresholds sufficiently that power-ramp 
defects have been eliminated from CANDU power reactors under normal operat
ing conditions (Hardy et al. 1978). 

Since high-ductility fuel cladding did not improve the tolerance of fuel 
elements to power-ramp defects, there was no need for a stringent specifi
cation controlling transverse ductility. These properties were then re
laxed somewhat. 
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10. CHANGES IN FUEL BUNDLE PROPERTIES DUE TO STORAGE. 

TRANSPORTATION AND IMMOBILIZATION PROCESSES 

After the fuel is discharged from the reactor, it is normally stored in an 
at-reactor water pool. After the fuel has cooled for a sufficient time 
period, it may be transferred to an interim-storage facility either at an 
away-from-reactor water pool or at a dry-storage facility. Alternatively, 
the fuel may be transported to a fuel reprocessing, immobilization or dis
posal facility, if those facilities are available. The effects these pro
cesses have on fuel bundle properties prior to disposal are discussed in 
the following sections. 

10.1 CHANGES DUE TO STORAGE 

10.1.1 Water-Pool Storage 

At the present time, most used fuel is stored in at-reactor water pools. 
Deionized water is used in CANDU fuel storage pools. The water is kept 
close to a neutral pH and the impurity level is maintained with ion-
exchange systems. Filtration is used for particulates. The temperature 
range of the water in Canadian storage pools is from 18 to 40°C. Decay 
heat causes the fuel cladding temperatures to be a few degrees above the 
pool-water temperature. 

The low temperature and generally favourable water chemistries are not 
likely to promote cladding degradation. There are no obvious degradation 
mechanisms that operate on the cladding to cause failure in the time frame 
of probable pool storage (Johnson 1977). The oxidation rate of the clad
ding in pool water is expected to be very low. Extrapolations of an empi
rical correlation by Hillner (Hillner 1977) for oxidation of Zircaloy in 
high-temperature water gives a rate of 0.003 ym/a at pool storage tempera
tures. Johnson (1977) reports an average experimental value of 0.004 fim/a. 
at 90°C. Thus complete oxidation of typical CANDU cladding (0.43 mm thick) 
would take 100 000 a. This may be reduced by dissolved ions. However, the 
normally low concentration of ions observed in pool water is not expected 
to cause any problems. So far, over 40 a of favourable experience exist 
with water-pool storage of used fuel, and it is expected that used fuel can 
be safely stored this way for over 50 a. 

In 1977, AECL and Ontario Hydro initiated an experiment at the Chalk River 
Laboratories to investigate the long-term effects of cladding corrosion 
during water-pool storage and the importance of this phenomenon on poten
tial waste-management schemes (Bain et al. 1978, Hunt et al. 1979). A 
number of experimental and power reactor fuel bundles were dismantled and 
their fuel elements were characterized by visual examination and neutron 
radiography. A destructive examination was performed on specific fuel 
elements from each vviiidle in 1978, and the remaining elements were returned 
to the water pool.v !or continued storage. At that time, the bundles had 
been stored underwater from 3 to 17 a. The destructive examination showed 
no conclusive evidence of changes caused by storage in water (Hunt et al. 
1981). 
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In 1988/89 a second interim-storage examination was performed on specific 
fuel elements from each of the bundles after up to 27 a of storage under
water. A destructive examination was performed on 34 undetected and on one 
intentionally defected element. The examination indicated that the unde
tected elements experienced no apparent degradation resulting from pool 
storage. Evidence of U02 oxidation was observed at a microscopic level in 
the defected element stored underwater for 21 a; however, no evidence of 
fuel swelling or apparent degradation of the cladding was observed 
(Wasywich and Frost 1990). 

10.1.2 Dry Storage 

Dry storage of used CANDU fuel in concrete canisters was demonstrated first 
at AECL Research's Whiteshell Laboratories in 1975/76 (Ohta 1978). The 
success of the demonstration led to the licensing of concrete canisters for 
the dry storage of used fuel in Canada. Today concrete canisters are used 
at five reactor sites (Whiteshell Laboratories, Chalk River Laboratories, 
Gentilly, Douglas Point and Point Lepreau) (Wasywich and Frost 1988). 

Ontario Hydro has also designed a multipurpose cylindrical Concrete Inte
grated Container (CIC) for the dry storage, transportation, and possibly 
the final disposal of used fuel (Freire-Canosa et al. 1986, Hooton and 
Burnett 1984). Two demonstration CICs have been loaded with used fuel at 
Pickering A. In 1990, Ontario Hydro initiated the design of an upgraded 
rectangular CIC with a welded lid closure system, and changed the name of 
its CIC to a Dry Storage Container (DSC). Ontario Hydro is currently in 
the process of obtaining a license for the dry storage of used fuel in DSCs 
at Pickering. 

Today, all the fuel in concrete canisters is stored in air, except for the 
Whiteshell demonstration canisters and those storing fuel from Whiteshell's 
retired WR-1 organic-cooled reactor (these use helium for the storage atmo
sphere). The corrosion rate of Zircaloy in dry air is much less than in 
water or steam. Data from various sources have been summarized in Fig
ure 76 by Boase and Vandergraaf (1977). They calculated that no more than 
10X of the cladding wall thickness would corrode, even if irradiated CANDU 
fuel bundles were stored in air for 100 a with a cladding temperature of 
300°C. 

Long-term experiments are being conducted at the Whiteshell Laboratories to 
study the storage behaviour of used CANDU fuel bundles in dry air at sea
sonally varying temperatures (Oldaker et al. 1979), and in dry air and in 
air saturated with moisture at 150°C (Oldaker 1979, Walker and Cracknell 
1981). All of the interim-storage examinations performed so far (44 months 
in dry air at seasonally varying temperatures, 69 months in air saturated 
with moisture at 150°C, and 99.5 months in dry air at 150°C) revealed no 
apparent deterioration of the cladding (Wasywich et al. 1986b, Wasywich and 
Frost 1989). Evidence of U02 oxidation has been observed in intentionally 
defected elements in both of the 150°C experiments; however, the oxidation 
has not resulted in any significant swelling of the fuel. 



- 106 -

=jrx 103 OC') 

FIGURE 76: Oxidation of Zircaloy in Air Versus 1/T (Boase and Vandergraaf 
1977) 

10.2 CHANGES DUE TO TRANSPORTATION 

Information on shock and vibration characteristics 
bundles is essential to enable the development of 
means for transporting used fuel from nuclear gene 
suitable disposal site. The transportation system 
portation vehicle, the shipping cask, the cask tie 
storage module, and the fuel bundles (Baumgartner, 
rio Hydro's 96-bundle shipping/storage module and 
for transportation of used CANDU fuel bundles are 

of irradiated fuel 
a safe and economical 
rating stations to a 
incorporates the trans-

-down, the shipping and 
in preparation). Onta-
the reference road cask 
show in Figure 77. 

One transportation requirement is that physical deterioration such as fuel 
bundle disassembly, distortion or fuel-element breakage due to the normal 
shock and vibration environment should not occur during transportation. 
This requirement is intended to ensure that safe and economical fuel 
handling will be possible by automated equipment when the shipping cask 
reaches the Used-Fuel Disposal Centre. 

A series of tests were conducted in 1979 on irradiated Pickering and Bruce 
fuel bundles in the hot cell facilities at the Whiteshell Laboratories to 
establish the endurance limit for fuel bundles subjected to fatigue vibra-
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LENGTH: 1.B5 m 
WIDTH: 1.5 m 

FIGURE 77: Reference Road Cask Containing Two 96-Fuel-Bundle Modules for 
the Transportation of Used CANDU Fuel Bundles (Baumgartner, in 
preparation) 

tions and impact loads (Forest 1980). The test fixtures holding the fuel 
bundles were designed to simulate the support provided by the shipping mod
ule in the transportation cask. This enabled the tests to identify the 
fuel bundle failure modes and the module tube excitation levels above which 
failure of the bundles in the module tube would occur. The fixtures also 
incorporated a device for axially preloading the fuel bundles, as this pro
vision is being considered for the transportation system. The fuel bundles 
tested were specifically selected to have relatively high burnups (peak 
outer-element burnups up to 238 MW»h/kg U). The minimum water-bay resi
dence time for the Pickering bundles was over 3 a, while that for the Bruce 
fuel bundles was just under 2 a. The tests on irradiated bundles were 
called Phase I. The tests were repeated on unirradiated fuel bundles 
(Phase II) (Forest 1985) with no axial preload. The results of the tests 
are discussed below. 

10.2.1 Impact Tests 

The bundle-impact tests were performed in both the lateral and axial direc
tions. The axial tests were conducted on one fuel bundle in a tube with 
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the same diameter and wall thickness as the module tubes. The tube was 
supported by two tube sheets enclosed in a rigid casing. In the lateral 
impact tests, two bundles were contained in the test fixture to simulate 
the arrangement of two bundles per tube in the modules so that the lateral 
tube response and interaction of the fuel bundles would be included. In 
these tests, the tube supports were placed in the same location as those of 
the module. 

Shock loading was applied by dropping the fixture, using rail guides, into 
a bed of sand. The rise time of the fixture response to the shock was 
shaped to be within the range of 5 to 10 ms by the addition of suitable 
penetrators onto the fixture. Such rise times are typical for end impacts 
on rail cars. 

In Phase I, two 28-element Pickering and two 37-element Bruce bundles were 
tested in the axial mode and one of each type was tested in the lateral 
mode. The tests were started at a low drop height and raised in increments 
until the fuel bundle either failed or the maximum drop height available in 
the hot cell test facility (97 cm) was reached. After each test, the 
bundle was removed from the fixture and inspected for structural defects. 

In Phase II, the tests were repeated with unirradiated Bruce bundles but 
with no axial preload; a 33-mm axial clearance was provided with the end of 
the bundle-retaining tube fixture. Three clearance modes were tested in 
the axial impact tests. In Mode 1, all the clearance was set between the 
two bundles. In Mode 2, all the clearance was located at the front of the 
bundles. In Mode 3, half the clearance was located at the front and half 
was between the two bundles. 

The Phase I impact tests resulted in no bundle failures. In fact, no 
cracks were induced. The highest deceleration levels achieved in the axial 
and lateral orientations are listed in Table 26. 

In Phase II, most damage occurred during the Mode 2 tests. The next most 
damaging mode was Mode 3; Mode 1 was the least damaging. The highest ac
celerations from the Mode 2 configuration are reported in Table 26. 

10.2.2 Fatigue Tests 

The fatigue tests were performed using two bundles in the same test fixture 
used for the lateral impact tests. A continuous sinusoidal excitation was 
provided by an electronically controlled hydraulic shaker. A 24-h test 
period was selected since this would likely encompass the total travel time 
for a shipment of used fuel to any off-site facility in Ontario. Various 
levels of acceleration could be applied. The vibration frequency applied 
was 21 Hz. This avoided resonance in the test apparatus, and was close to 
the major responses that had been measured in previously conducted road and 
rail field trials. The peak accelerations ranged from 0.5 g (4.9 m/s2) to 
3.0 g (29.4 m/s2). In some trials, bundles were vibrated at low levels for 
a 24-h period, and were then raised to higher accelerations for about one 
hour to simulate the transient loads that would be added to normal vibra
tion levels. 
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TABLE 26 

MAXIMUM DECELERATIONS IN IMPACT TESTS 

(Forest 1980, 1985) 

Phase I, axial 
restraint with a 
2790-N preload equi
valent to 6 g 
(irradiated bundles) 

Bundle Type 
(No. of 
elements) 

28 

37 

Lateral Impact 

-g* 

55 

78 

Rise Time 
(ms) 

6.0 

5.0 

Axial Impact 

-g* 

165 

175 

Rise Time 
(ms) 

5.0 

5.5 

Phase II, no 
restraint and 
33-mm clearance 
(unirradiated bundles) 

37 40 5-10 36 
•113 

9.2 « 
2 b 

* g - acceleration due to gravity (g = 9.8 m/s2). 
a Initial impact, corresponding to deceleration of module, Mode 2. 
b Secondary impact, bundles taking up clearance. 

Two bundles were fatigue tested simultaneously at acceleration levels 
starting at 0.5 g (peak). If failure did not occur at the end of the 24-h 
period, the level was raised to 3.0 g (peak) for up to one hour. The next 
pair of bundles was then tested at a higher acceleration until a failure 
threshold was established. 

Several types of fuel bundle failures occurred. The most common types were 
by fracture of the end plate near an end-cap-to-end-plate weld or by fail
ure of a weld. In one case, the cladding of an element failed by circum
ferential cracking near the end cap. The failed components were sectioned 
and examined metallographically. Sections of end plate were analyzed for 
their hydrogen/deuterium concentration. The hydrogen/deuterium concentra
tion in material from the irradiated bundles ranged from 25 to 112 fig/g, 
compared to the normal as-received concentration of 10 to 15 /ig/g in unir
radiated bundles. The results of the fatigue vibration thresholds estab
lished are summarized in Table 27. 

10.2.3 Conclusion from the Phase II Tests (Forest 1985) 

The highest module tube vibration levels during road transport have been 
shown to occur at the top row of the upper module. The magnitude varies 
with the vehicle speed and the road roughness. At a typical speed of 
80 km/h (50 mph) on a Class D road (very poor), the vibration input to the 
bundles in the top row is 7.2 m/s2 (0.73 g) rms. This is clearly above the 
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TABLE 27 

ESTABLISHED THRESHOLD FATIGUE LEVELS 

AFTER A 24-h PERIOD AT 21.25 Hz 

(Forest 1980, 1985) 

Acceleration Levels 
Bundle Type 28-Element 37-Element 

g m/s2 g m/s 

Phase I axial restraint with 0.75 peak 7.35 0.50 peak » 4.9 
a 2790-N preload; equivalent 
to 6 g (irradiated fuel bundles) 

Phase 2, no restraint and N.T. b 0.7 peak 6.9 
30-ram clearance 
(unirradiated bundles) 

a Next highest acceleration level tested was 0.8 g. 

b N.T. - Not Tested. Only 37-element fuel bundles were tested since 
28-element bundles proved to be more robust in Phase 1. 

fatigue threshold level of 5.20 m/s2 (0.53 g) rms, and thus continuous 
operation under these conditions could not be permitted. However, opera
tion on Class C (poor) roads or better, which most provincial highways are 
expected to be, would not present any hazard to the integrity of the fuel 
bundles. 

10.3 CHANGES DUE TO IMMOBILIZATION PROCESSES 

Used-fuel bundles from CANDU reactors are now stored in water-filled bays 
at the reactor sites. In the Canadian Nuclear Fuel Waste Management Pro
gram, a number of design concepts are being considered for the containers 
in which the bundles would be immobilized prior to disposal. The 
immobilization processes being considered and their possible effects on 
fuel bundle properties are discussed below. 

10.3.1 Metal-Matrix Container Concept 

In one of the concepts being considered (Mathew et al. 1983), the residual 
voids within the container would be filled with a cast metal matrix (sur
rounding the used-fuel bundles) (Figure 78). The purpose of the matrix is 
to provide structural support to the thin, corrosion-resistant container 
shell and, possibly, to provide an additional barrier to radionuclide re
lease to groundwater, following eventual breaching of the shell by corro
sion. The performance of the matrix as an additional barrier will depend 
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on the integrity of the casting and the nature and quality of the bonding 
at the matrix/fuel cladding and matrix/container interfaces. A sound 
matrix, without shrinkage voids, significant porosity or cracking, is 
required to limit the extent of container deformation under structural 
loading and to provide a reliable barrier. If strong chemical bonding is 
present between the matrix and the container, the rate of matrix corrosion 
after localized perforation of the container shell occurs is likely to be 
much lower than if no bonding occurred, since bonding would confine cor
rosion to a localized region. Similarly, a sound bond at the fuel clad
ding/matrix interface might limit the rate of exposure of the fuel bundles 
to the groundwater. 

The number of low-melting-point metals and alloys suitable for this concept 
is limited. Only metals and alloys that are used in reasonably large quan
tities in commercial foundry operations were considered since substantial 
quantities of these materials would be required in a fully operational 
disposal facility. The candidate materials studied were lead, zinc, alumi
num, and some of their alloys. Tests were performed to determine the 
amount of attack by each molten metal and alloy on the Zr-4 fuel cladding 
and container materials (compatability test) and the quality of the inter
face between the matrix material and the fuel cladding (interfacial permea
tion test). A summary of the compatibility tests is presented in Table 28; 
plots of reaction time versus thickness of reaction layer are presented in 
Figures 79 to 82. The results of the interfacial permeation tests are 
shown in Figures 83 and 84. The compatability tests showed that aluminum 
and Al-5 vt.% Cu alloy attacked the fuel cladding severely. However, lead, 
zinc and Al-7 wt.% Si were compatible with the cladding. 

TABLE 28 

SUMMARY OF COMPATABILITY TEST RESULTS 

(Mathew 1987) 

Melt 
Coupon 

Pb Zn Al Al-7 vt.% Si Al-5 vt.% Cu 
420°C 480°C 700°C 650°C 700°C 

Zr-4 N M S M S 

Ti N M n-d M M 

Cu M S n.d S S 

Inconel 600 N M n.d M-S S 

N = no attack; M = moderate attack; S = severe attack; n.d. = not deter
mined 
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Tests were also performed to determine the effects of the candidate matrix 
materials Al-7 vt.% Si and lead on autoclaved fuel cladding with brazed 
spacers. The test results showed no preferential attack of the brazed 
joints (Mathew et al. 1983). Interfacial permeation measurements showed 
that the Zr-4/lead interface was of superior quality. Consequently, lead 
was recommended for more extensive study as a matrix material (Mathew et 
al. 1983). 

10.3.1.1 Effect of Casting Temperature on Bundle Properties 

The peak temperature experienced by the fuel bundles during casting is 
determined by the matrix material and by the casting technique used. Fol
lowing the selection of lead as the candidate matrix material for further 
study, castings in half-scale, prototype used-fuel containers were made. 
The containers were not loaded with fuel bundles; instead, 6-mm-diameter 
quartz tubes were installed at various locations. Chromel-alumel thermo
couples were inserted into the tubes to monitor temperature/time transi
ents. During casting, one of the containers was cooled unidirectionally; 
the other two were cooled multidirectionally. The cooling technique signi
ficantly affected the rate of solidification (Figures 85 and 86) (Mathew et 
al. 1983). 
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The initial temperature of the cast lead in the unidirectional cooling 
demonstration was 650 K (377°C). The last part of the casting that cooled 
to the solidification temperature (600 K or 327°C) required 1.9 h (7000 s). 
The initial temperature of the cast lead in the multidirectional cooling 
demonstration was 680 K (407°C). The last part of the casting that cooled 
to the solidification temperature required 38 min (2300 s). 

These casting temperatures are not expected to cause any cladding mechani
cal property or gas pressure problems within the fuel elements. Cold-
worked zirconium alloys start to recrystallize at about 743 K (450°C), and 
their mechanical properties are sensitive to annealing in the temperature 
range 743 to 818 K (450°C to 525°C). At room temperature, the ultimate 
tensile strength of irradiated Zr-4 cladding subjected to a fast neutron 
fluence of 7.9 x 1024 n/m2 (equivalent to a fuel burnup of 190 MW«h/kg U) 
is about 1000 MPa, as determined by transverse ring tensile-test specimens 
from Pickering cladding (Wasywich et al. 1984). At a peak casting temper
ature of about 693 K (400°C), the UTS of Zircaloy cladding is about 620 MPa 
(Bauer and Lowry 1978). 

During irradiation, the average fuel temperatures, and consequently the in
ternal gas pressures, are significantly higher than those expected during 
casting. For example, the average fuel temperatures in typical Pickering 
and Bruce fuel elements are -823 K (730°C) and -1173 K (880°C). 

10.3.2 Packed-Particulate Container Concept 

Another container concept being considered is the packed-particulate design 
developed by Ontario Hydro shown in Figure 87 (Teper 1980, 1987). This 
design was chosen as the reference for the Used-Fuel Disposal Centre study 
(Baumgartner, in preparation). The corrosion-resistant container shell 
holds a basket fabricated from 19 carbon-steel tubes containing 72 used-
fuel bundles. Following emplacement of the basket containing used fuel 
into the prefabricated shell, the remaining voids are filled with a parti
culate material, such as glass beads, ranging in diameter from 0.71 to 
1.00 mm. The particulate is compacted by subjecting the whole container to 
a horizontal sinusoidal vibration on a shaker table capable of an accel
eration up to 39.3 m/s2 peak-to-peak at 40 Hz. 

A prototype container was fabricated and tested for structural integrity in 
the Hydrostatic Test Facility at the Whiteshell Laboratories (Teper 1987). 
Simulated fuel bundles were emplaced in the outer ring of tubes of the bas
ket. The glass bead particulate was emplaced and packed at the Ontario 
Hydro Research Division, Mechanical Research Department. Gradually 
increasing accelerations were applied during the vibratory compaction 
procedure, starting with 9.83 m/s2 peak-to-peak at 40 Hz and reaching 
39.3 m/s2 peak-to-peak at 40 Hz. The vibrational loads were applied for a 
total of 15.5 min. 

Vibration tests (Forest 1980) performed on used CANDU fuel bundles have 
indicated that a threshold level for fatigue failures after 24 h is 0.5 g 
(where g = 9.8 m/s2) peak-to-peak at 21.5 Hz for Bruce-type fuel, and 
0.75 g peak-to-peak at 21.5 Hz for Pickering-type fuel. This frequency was 
chosen to avoid major bundle and test fixture resonances, and to avoid the 
60-Hz electrical mains frequency. The bundles were unrestrained in the 
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tests, and interelement impacts and bundle rocking within the test tube 
were allowed to occur. After the 24-h tests, additional tests were con
ducted for periods of time ranging from 20 min to 1 h at 3.0 g. Both types 
of bundles were also found to be able to withstand excitation levels of 2 
to 3 g for periods of up to 1 h (Loewen et al. 1980). 

A considerable number of cracks developed in the end plate and end-plate 
weld areas during testing. However, these did not necessarily constitute a 
"failed" bundle assembly. A bundle was classified as failed if one or more 
of the outer elements broke away from the end plate, or i£ the end plate 
cracked in more than one location, allowing a group of elements to break 
away from the bundle. The end-plate and end-plate/end-cap cracks in these 
tests consisted primarily of fatigue fractures. Only one element developed 
a crack in its fuel cladding. 

The dynamic characteristics of a bundle emplaced in a packed-particulate 
container are very different than those used in the impact and fatigue 
tests described by Forest (1980). In particular, the glass particulate 
provides considerable cushioning between the bundles and their retaining 
tubes, and the stiffness of the composite structure is greatly improved. 
As already noted, the total compaction time required (15.5 min) is a small 
fraction of that used in the impact and fatigue tests. Consequently, the 
vibrational loads experienced by the bundle in a packed-particulate con
tainer are not expected to cause any fuel bundle or cladding failures. 

11. RADIATION FIELDS 

Radiation fields from used CANDU fuel bundles are important to the design 
of shielding required for storage, handling, and transportation facilities. 
In an underground disposal environment, these fields can radiolyze the 
groundwater, which in turn may augment and accelerate degradation processes 
acting on the engineered barriers surrounding the fuel. 

After approximately 500 a, gamma and beta emissions from fission products 
will have declined sufficiently that the bulk of the remaining activity 
will be the result of emissions from decaying actinides (alpha radiation). 
Groundwater radiolysis and potential radiotoxicity hazards from these 
emissions will increase if the container and fuel cladding degrade 
sufficiently to expose the U02 matrix to the vault environment. 

Information on radiation fields versus time for typical CANDU fuel bundles 
discharged from Canadian reactors is presented in the following sections. 
Principal emissions are given for periods before and after 500 a from 
discharge. The radiation field data presented were generated by the 
CANIGEN computer code. However, a more recent code, 0RIGEN-S (Hermann and 
Westfall 1984, Ryman 1984) was chosen to generate radionuclide and decay 
heat data for the reference Bruce A fuel bundle irradiated to a burnup of 
190 MW»h/kg U initial uranium and cooled for 10 a after discharge from the 
reactor (Tait et al. 1989) to demonstrate the concept of fuel waste dis
posal. Although the decay heat data presented in Section 12 were generated 
by CANIGEN, the difference between the CANIGEN and ORIGEN-S results is 
small (±10X). 
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11.1 USED-FUEL COMPOSITION AND PRINCIPAL EMISSIONS 

Used fuel emits X-rays and alpha, beta and gamma radiation. Neutrons are 
also emitted, but their significance is low until higher burnups are 
reached. Alpha and beta radiation do not pose a significant shielding 
problem since charged-particle emissions have a short range in air. The 
main precaution required for alpha and beta emissions is to prevent human 
ingestion of their source isotopes. In some circumstances, additional 
precautions must also be considered to protect sensitive tissues (notably 
the eyes) from beta emissions. 

Several hundred long- and short-lived radioisotopes formed during irradi
ation are present in used fuel. Each radioisotope decays with a different 
characteristic half-life, which results in a continuously changing isotopic 
composition and, consequently, changing containment and shielding require
ments. The radiation emitted from used fuel is, therefore, far from con
stant, and in fact decreases significantly with cooling time. 

Used fuel contains fission products and actinides. Fission products refer 
to those isotopes that are either formed directly during fissioning, or are 
produced by subsequent radioactive decay or neutron capture by an isotope 
formed directly by fission. In general, fission products are characterized 
by high-energy gamma and beta emissions, and have relatively short half-
lives. The actinides consist of all isotopes above and including actinium 
in the periodic table, all the heavy elements initially in the fuel, and 
those that are formed by a combination of neutron capture and radioactive 
decay in those elements. They tend to be long-lived alpha emitters. The 
actinides as a whole, and specific members in particular, are of great im
portance with respect to the storage and disposal of used fuel. Figure 88 
shows how each of the transuranics, an important subgroup of the actinides, 
is produced. Each horizontal line represents a neutron absorption, and 
each vertical or diagonal line represents a radioactive decay. 

The isotopic composition of used fuel is sensitive to the fuel type, irra
diation conditions, and cooling time. Computer codes such as CANIGEN are 
used to predict the isotopic composition and to generate data on the 
radioactive decay properties of used-fuel bundles. 

CANIGEN is a version of ISOGEN (Van Tuyl 1964) modified at the Whiteshell 
Laboratories to generate data for a wide range of cooling times encountered 
in the long-term storage of used fuel. In addition to calculating the 
time-dependent isotopic variations in the fuel for about 300 radioisotopes, 
CANIGEN also employs an extensive library to estimate the total radio
activity, decay heat generation, toxicity, and neutron and gamma source 
strengths. Although CANIGEN can be run on its own, the usual practice is 
to run it in conjunction with LATREP (Milgram 1975; Phillips and Griffiths 
1971), LATREP performs a reactor physics calculation on the specific fuel 
type to produce the isotopic composition of the fuel as a function of 
burnup. For a specified burnup level, the LATREP-generated data are trans
ferred to CANIGEN, which performs the isotopic depletion calculation as a 
function of time out-of-reactor. In these combined runs, the irradiation 
is divided into an optimum number of steps, at the end of which actinide 
concentrations and cross sections are transferred from LATREP to CANIGEN 
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for the beginning of the next step. During the calculation process, the 
neutron flux is held constant over the entire irradiation. Neutron and 
gamma-ray dose-rate calculations and curve-plotting options have been added 
by Ontario Hydro (McKean 1978). Table 29 lists some CANIGEN input data for 
a typical Pickering fuel bundle. 

TABLE 29 

CANIGEN INPUT DATA FOR A TYPICAL PICKERING BUNDLE 

(McKean 1978) 

Irradiation Time (d) 
Average Fuel Flux (n/(cm2»s)) 
Wescott "r" 
Initial Composition (wt.%) 

2 3 4 W 

235U 

2 3 8 U 

398 
5.23 x 
0.043 

0.0054 
0.71 
99.2846 

1013 

Table 30 lists some of the more significant isotopes remaining in used 
CANDU fuel after one year's cooling time. Figure 89 shows how the total 
radioactivity (in curies)** varies with cooling time. The fission products 
are the major source of radioactivity up to about 200 a; the 

** 1 Ci = 37 GBq 
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TABLE 30 

PRINCIPAL ISOT0PIC CONTENT OF ONE METRIC TON OF 

USED CANDU FUEL AFTER COOLING FOR ONE YEAR 

(McKean 1978) 

Weight (g/Mg heavy elements in fuel) 

242Cm 0.145 
244Cm 0.145 
241Am 11.06 
239Pu 2660.0 
240Pu 1040.0 
241Pu 175.8 
242Pu 51.4 
2 3 5U 2258.0 
2 3 8U 9.85 x 105 

Actinides (total) 9.93 x 105 

1 3 7Cs 262.0 
90Sr 112.0 

Fission Products (total) 7218.0 

actinides predominate at longer times. At very long cooling times 
(èlO6 a), the activity of the fuel drops to a relatively constant level, 
the radioactivity of uranium in equilibrium with its daughters. 

11.2 GAMMA RADIATION 

Because of their short wavelength and photon energy spectrum, the most 
penetrating emissions are gamma rays, with energies ranging from tens of 
keV upwards. Unstable fission products are the primary source of gamma 
emissions from used fuel. Actinides in the fuel are also sources of X and 
gamma rays, but these emissions are less intense and of lower energy than 
those from fission products. Shielding that provides adequate protection 
against gamma emission absorbs alpha, beta*** and X-ray emissions even more 
efficiently, so that shielding calculations are normally required for the 
gamma component only. 

The gamma-ray energy spectrum at any cooling time is included in the 
CANIGEN output. The energy range of gamma emission is divided into twelve 
energy groups. The range and average energy of each group is listed in 
Table 31. 

*** When beta emissions from used fuel are absorbed by high-atomic-weight 
materials, electromagnetic waves (Bremsstrahlung radiation) are 
produced. The maximum photon energy of this radiation is up to the 
maximum beta source energy. 
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TABLE 31 

CANIGEN GAMMA-RAY ENERGY GROUP SCHEME 

(McKean 1978) 

Group Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Energy Range 
(MeV) 

0 .2-0 .4 
0 .4-0 .9 
0 .9-1 .35 
1.35-1.8 
1.8-2.2 
2 .2-2 .6 
2 .6-3 .0 
3 .0-3 .5 
3 .5-4 .0 
4 .0 -4 .5 
4 .5 -5 .0 

>5.0 

Average Energy 
(MeV) 

0 .3 
0.63 
1.1 
1.55 
1.99 
2.38 
2.75 
3.2 
3.7 
4.22 
4 .7 
5.25 
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The radiation dose associated with used fuel depends on the source-dose 
point geometry (to quote dose rates per metric ton of fuel, for example, is 
almost meaningless). Therefore, the radiation fields associated with a 
typical Pickering fuel bundle were calculated in this section as a function 
of cooling time. The results applicable at -300 mm (one foot) in air from 
the bundle source are shown in Figure 90. CANIGEN and MAPLE (Smith and 
Black 1969) were used in tandem to produce the figure. 

11.3 NEUTRON EMISSIONS 

Neutron emissions from used fuel arise from the spontaneous fission of 
even-numbered Cm and Pu isotopes and (or,n) reactions in which high-energy 
ar-particles emitted by actinides react with light elements (mainly oxygen) 
to produce neutrons. Neutron emissions are not effectively stopped by 
heavy-nucleus materials, such as those used for gamma shielding, and must 
be dealt with separately. Tables 32 and 33 list the total neutron source 
strengths and their major contributor at different cooling times for a 
typical Pickering fuel bundle with a burnup of 180 MW»h/kg U. The data 
were generated by CANIGEN. 

A series of CANIGEN runs was performed on natural uranium irradiated to 
various burnups up to 480 MW»h/kg U. The results (Figure 91) show that the 
neutron strength of used fuel increases almost exponentially with burnup in 
the range from 180 to 480 MW«h/kg U. 

Neutron dose rates at -300 mm (one foot) from a used-fuel bundle were also 
calculated using CANIGEN and MAPLE. Subcritical multiplication of neutrons 
was not allowed for, but this effect was partly balanced by ignoring any 
self-absorption of neutrons by the bundle itself. The approximate sponta
neous fission and (a,n) neutron emission spectra were used where available. 
In cases where such information was not available, 242Cm and 244Cm values 
from Milgram (1975) were used. 

The neutron dose rates associated with a Pickering fuel bundle were shown 
in Figure 90. The curve indicates that the gamma-dose rate exceeds the 
neutron dose rate by several orders of magnitude (a minimum of two at about 
104 a). This implies that only the gamma radiation sources need to be con
sidered when assessing the shielding requirements for used fuel. However, 
the heavier materials of the more common shielding materials (water, con
crete, steel, lead, etc.) tend to be very efficient gamma-ray shielding 
materials, but provide relatively poor neutron shields. A shield made of 
these materials and sized under the "gamma-only" assumption could, in fact, 
be totally inadequate for neutron shielding. 

11.4 GAMMA-RAY AND NEUTRON SHIELDING OF THE REFERENCE VASTE PACKAGE 

The reference waste package in the Used-Fuel Disposal Centre specifications 
(AECL CANDU et al. 1992) is the packed-particulate used-fuel container 
(Teper 1985) containing 72 used-fuel bundles (Figure 87). The container is 
an enclosed cylindrical vessel of all-welded construction, fabricated from 
ASTM Grade 2 titanium to specification ASME SB-265 Grade 2. It contains 19 
carbon steel pipes arranged in two annular rings around a central pipe. 
The outer and inner rings contain 12 and 6 pipes respectively. 
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TABLE 32 

(a.n) NEUTRON SOURCE STRENGTH 

(McKean 1978) 

Cooling Time 
(a) 

Strength 
(n/(s»Mg(H.E.)))* 

1.0 

10 

102 

103 

104 

105 

106 

1.91 x 106 (242Cm) 

1.56 x 106 (241Am) 

1.80 x 106 (241Am) 

8.48 x 105 (240Pu) 

1.92 x 105 (239Pu) 

1.99 x 104. (239Pu) 

8.65 x 103 (214Po) 

* H.E. = heavy element 



- 125 -

TABLE 33 

SPONTANEOUS FISSION NEUTRON SOURCE STRENGTH 

(McKean 1978) 

Cooling Time 
<a) 

Strength 
<n/(s«Mg(H.E.))) 

1.0 

10 

102 

103 

104 

105 

106 

4.85 x 106 (242Cm) 

1.90 x 106 (240Pu) 

1.10 x 106 (24°Pu) 

9.73 x 105 (24°Pu) 

2.17 x 105 (240Pu) 

8.51 x 104 (242Pu) 

1.70 x 104 (242Pu) 

•21 
_c 
I 
I-
O 
LU 
ce 
I-
C/5 
UJ 

o 
ce 
o 
co 
z 
o 
ce 
I-
LU 

z 

7 

A 

i o " -

7 

4 

i n7 . 

7 

4 

m 6 

Sponti neous K 

(a.r 

ssion . 

) Reacti ons -*« 

10 12 14 16 18 

BURNUP (MW • d/kg U) 
20 

FIGURE 91: Variation of Natural-Uranium Used-Fuel Neutron Emission with 
Burnup (McKean 1978) 



- 126 -

Each pipe in those rings will hold four fuel bundles stacked on top of one 
another. The central pipe and all other voids in the container will be 
backfilled with glass beads. The 37-element Bruce fuel bundle irradiated 
to a burnup of 190 MW»h/kg U was chosen as the reference CANDU used-fuel 
bundle for the waste package. The upper end of the burnup distribution, 
280 MW«h/kg U, a bundle power of 13.57 kW/cm, a uranium concentration of 
18.94 kg U per bundle and a fuel disposal of 10 a out-of-reactor were cho
sen for the gamma-ray and neutron shielding calculations for the reference 
container. 

The primary purpose of shielding is to reduce gamma-ray and neutron fields 
to acceptable levels. To do so, it was assumed that the containers would 
be transported in specially fabricated casks of steel, lead and/or con
crete. These materials are efficient gamma-ray shields and, as such, the 
materials are chosen to minimize the volume and mass of the cask. 

In addition to gamma rays, neutrons are also emitted from the waste con
tainers. These neutrons are produced both by spontaneous fission and by 
(a,n) reactions. High-density materials are generally not efficient 
neutron shields; rather, low atomic numbers (ideally hydrogen-containing 
materials such as polyethylene and water) are preferable. Although a low 
neutron flux is expected at the outer edges of the gamma shielding, addi
tional shielding may be required to specifically reduce neutron dose rates. 

Details on the shielding specifications for the used-fuel disposal contain
er are provided by Baumgartner (in preparation). 

11.5 ACTIVITY FROM CLADDING 

11.5.1 Neutron Activation 

The exposure rate from used CANDU fuel cladding has not been measured. 
However, Johnson calculated the probable magnitude of the activity and the 
gamma exposure rate from cladding hulls attributable to neutron activation 
(H.M. Johnson, unpublished data) by applying neutron activation theory to a 
list of isotopes normally present in cladding materials from which major 
gamma-emitting nuclides with reasonably long half-lives arise (Table 34). 

Table 35 lists the neutron-activation characteristics of the important 
gamma-emitting isotopes in cladding hulls. 

Figures 92 to 94 illustrate the relative gamma contributions from the major 
activation isotopes in used-fuel cladding. The calculations assumed a 
constant thermal-neutron flux of 5 x 1017 neutrons/(m2»s). Since the flux 
will vary from reactor to reactor and for the fuel position in the core, 
the figures are illustrative only. Calculations can be performed for 
specific cases according to the neutron-activation theory described by 
Fitzgerald et al. (1967). 

Figure 92 shows the ingrowth of significant gamma-emitting nuclides as a 
function of their time of exposure to the flux. Note that the ingrowth of 
94Nb is appropriate only to Zr-2.5Nb cladding. For all the Zircaloys, 95Nb 
is formed principally from the decay of 95Zr. However, for Zr-2.5Nb 
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TABLE 34 

NUCLIDES PRESENT IN FUEL CLADDING FROM WHICH 

IMPORTANT GAMMA EMITTERS ARE DERIVED BY ACTIVATION 

(H.M. Johnson, unpublished data) 

Element Stable Isotope Natural 
Abundance 

Abundance in 
Cladding 

Cobalt 
Zirconium 
Niobium* 

59Co 
95Zr 
93Nb 

100% 
17.4% 
100% 

20 (ig/g 
17% 
2.5% 

* Zr-2.5Nb cladding only 

TABLE 35 

NEUTRON-ACTIVATION CHARACTERISTICS OF IMPORTANT 

GAMMA-EMITTING ISOTOPES IN CLADDING 

(H.M. Johnson, unpublished data) 

Isotope 

59Co 

9 4 Z r 

93Nb** 

9« N b*. 

Thermal Neutron 
Cross Section 

(barn)* 

37 
(total capture) 

0.08 

1.1 
(total) 

15 

Activated 
Isotope 

60Co 

95Zr 

93Nb 

95Nb 

Half-life 

(s) 

1.65 x 108 

5.62 x 106 

6.3 x 1011 

3.0 x 106 

Gamma 
Energy 
(MeV) 

1.17 

0.724 
0.756 

0.702 
0.871 

0.765 

Intensity 

(%) 

100 

49 
49 

100 
100 

100 

* 1 barn =100 fm2 

** Zr-2.5Nb cladding only. 
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cladding, a small additional 95Nb ingrowth is derived from the activation 
of 94Nb. Since the bulk of used CANDU fuel cladding is Zr-4, this addi
tional ingrowth of 94Nb and 95Nb will not normally occur. 

Figure 93 shows the decline in specific activity of cladding-activation 
isotopes for fuel removed from the reactor after exposure of $ = 5 x 1017 

neutrons/(m2»s) for 1 a. The two potential sources of 95Nb are again shown 
to reinforce the point that the greater contribution is from 95Zr decay. 
About 2 a after the fuel is removed from the core, 60Co becomes the domi
nant gamma emitter from the cladding, assuming a concentration of 20 fig/g 
in the original Zircaloy.**** 

Figure 94 illustrates the individual and collective specific exposure rates 
from various activation products in the cladding as a function of cooling 
time at a distance of 1 m from the source. The "total" exposure rate 
represents what could be measured by a gamma-exposure rate counter 1.0 m 
away from a gram mass of activated cladding. Note that the total exposure 
rate for cladding consisting of Zr-2 or Zr-4 is virtually that due to the 
60Co source alone, at 5 x 107 s (19 months) after the fuel is removed from 
the reactor. However, 94Zr becomes the dominant gamma source for Zr-2.5Nb 
cladding after a period of about 60 a. 

11.5.2 Activity from Cladding Caused by Fission Products and Actinides 

Cladding from used-fuel bundles contain both fission products and actinides 
due to adherence and/or absorption by fission recoil. Preliminary work 
(D.G. Boase, personal communication) has indicated that the fission pro
ducts in the cladding make up about 0.1% of those contained in the fuel 
when the bundles are discharged from the reactor. Plutonium in the form of 
239Pu and 240Pu amounts to about 0.01 and 0.1% of that in the fuel. 

12. DECAY HEAT 

Decay heat in irradiated fuel results from the energy released from the 
decay of radioisotopes produced by fission or neutron activation. In a 
typical CANDU fuel bundle, it can be assumed that all of the alpha- and 
beta-radiation energy is absorbed in the bundle, and the more penetrating 
high-energy gamma radiation escapes from the bundle without contributing to 
heating. Approximately 90% of the total decay heat energy released by the 
fuel is manifested as heat in the bundle. Minutes after discharge from the 
core, a typical CANDU bundle generates about 10 kW of heat. This drops 
steadily to about 400 W after a cooling time of about one month, to about 
60 W after one year, and to about 4 W after 10 a. Decay heat is generated 
mainly by fission-product decay for about 100 a after discharge. There
after, the decay heat decreases rapidly, and most of the long-term heat 
production is attributable to actinide decay. 

**** 20 jug/g is the maximum permissible concentration of cobalt in reactor-
grade zirconium alloys. This maximum is not necessarily reached in a 
batch of cladding used to manufacture fuel bundles. 
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Decay heat is an important consideration in the design of storage, handling 
and transportation facilities. It is also one of the prime factors govern
ing the size and configuration of a disposal vault, and is of critical im
portance in most materials' degradation processes, which are often strongly 
temperature-dependent. Because decay heat has important implications for 
fuel-movement strategies, various computational techniques, charts and 
graphs have been derived so that precise heat outputs can be obtained for 
specific situations, very often with respect to fuel from particular reac
tors. CANIGEN is one of the computer codes used at the Whiteshell Labora
tories to perform such calculations. This code was designed specifically 
to predict many of the radioactive decay properties of CANDU fuel. Other 
codes exist for decay-heat calculations and are as adequate as CANIGEN for 
this purpose. Examples of other decay-heat codes are ORIGEN (Bell 1973), 
ORIGEN-S (Hermann and Westfall 1984; Ryman 1984), a subroutine code, DECAY 
(Carver 1971), and FISSPROD (Lane 1969). 

Clegg and Coady (1977) list decay-heat output versus cooling time as calcu
lated by CANIGEN for Pickering natural-U02 fuel irradiated to various 
burnups. Figure 95 presents curves of total decay-heat output (sum of 
fission-product and actinide contributions) derived from their data. Fig
ure 96 illustrates an extension of the decay-heat curve from a cooling 
period of 1 year out to 109 a for a burnup of 180 MW»h/kg U. An updated 
version of CANIGEN, CANIGEN-II (the CANIGEN and LATREP codes have been up
dated and are referred to as CANIGEN-II), has also been used to perform 
similar decay-heat calculations on the radioactive decay properties for 
Bruce A CANDU U02 fuel (Smith et al. 1987). 

The reference fuel bundle chosen to assess the concept of fuel waste dis
posal is the Bruce A natural-U02 fuel bundle irradiated to a burnup of 
685 GJ/kg initial uranium and cooled for 10 a after being discharged from 
the reactor (Baumgartner, in preparation). More recently, the ORIGEN-S 
(Hermann and Westfall 1984; Ryman 1984) radionuclide generation and deple
tion codes have been used to perform decay-heat and inventory calculations 
for the reference Bruce fuel bundle (Baumgartner, in preparation; Tait et 
al. 1989). The ORIGEN-S code was chosen because it is a more recent code, 
is more versatile for the development of new reactor types and is capable 
of providing additional calculations not available in CANIGEN (Tait et al. 
1989). 

Provided certain reactor operating parameters can be determined, a semi-
empirical method can be used to calculate the fission-product decay heat 
from a fuel bundle. This approximation is known as the American Nuclear 
Society - Standard Method "ANS Standard 5.1" (American National Standards 
Institute 1973). This method, which is used with CANIGEN and ORIGEN at 
Ontario Hydro (McKean 1978), takes the form of a curve depicting decay 
energy release as a function of cooling time (polynomial fits to this curve 
are also given). It represents what the ANS standards committee believes 
to be the best fit to the data presently available. Its range of applica
bility is for used-fuel cooling times from 0.1 s to 6.3 a. Decay heats 
calculated by this method have been compared with actual measurements for a 
selection of CANDU fuel bundles with documented irradiation histories 
(Barnes et al. 1978). The authors found that this method consistently 
underestimated decay heat in bundles that had cooling times more than 107 s 
(115 d). The reasons for this were ascribed to two assumptions implicit in 
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the formula: all fissions are derived from 2 3 5U only, and no decay heat is 
contributed by neutron-capture products. Recommended uncertainty limits 
for the method were given as follows: 

1. ORIGEN has been shown to agree with the total measured fission-
product decay heat to within ±7%, and since ORIGEN and CANIGEN-II 
agree to within ~11£, a reasonable error for the decay heats and 
other bulk properties is -13% over 0.5 to 100 a. 

2. ORIGEN and CANIGEN actinide decay heats differ by a mean of 4% 
following cooling for 100 a. Combining the 7% uncertainty with 
respect to the measured values and the 4% variation in decay 
heats between the two codes, a reasonable uncertainty to apply to 
actinide decay heats and other bulk properties is ~8%. 

The 37-element Bruce bundle was chosen as the reference CANDU used-fuel 
bundle for the Canadian Nuclear Fuel Waste Management Program concept as
sessment. The characteristics of that bundle are summarized in Table 36. 

TABLE 36 

CHARACTERISTICS OF THE REFERENCE BRUCE USED-FUEL BUNDLE 

(Baumgartner, in preparation) 

Reference Mass 23.74 kg 

Reference Burnup - thermal calculations 190 MW»h/kg U 

- radiation calculations 280 MW»h/kg U 

Reference Cooling Time 10 a 

Reference Contact Gamma-Ray Flux 35 Gy/h at 50 mm 

Reference Heat Output 4.13 W 

The reference mean burnup chosen for the disposal vault thermal calcula
tions was 190 MW»h/kg U. It was also assumed that the disposal age of the 
used fuel was 10 a out-of-reactor. Table 37 summarizes the primary heat-
producing radionuclide groups for fuel with an average burnup of 
190 MWh/kg U. 

With the exception of 241Am, the rate of heat production in nuclear fuel 
waste from the radionuclides or radionuclide chains may be estimated from 
the equation 

q£ = Bie-^i* 

where qi(t) = heat output at time t for radionuclide group i (W/kg U) 

t = time since t = 0 (a) 
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TABLE 37 

PRIMARY HEAT PRODUCING RADIONUCLIDES IN THE REFERENCE BRUCE USED 

FUEL BUNDLE AND EMPIRICAL CONSTANTS FOR HEAT GENERATION EQUATIONS* 

(P. Baumgartner, unpublished data) 

Actinides 

,240pu 

239pu 

238pu 

2«lPu 

24iAm 

Fission Products 
90Srf Y, 
137Cs, Ba 
12ssb, Te, 

134 C s > 147pa 

106Ru, Rh 
144Ce, Pr 

154 E u 

8 5 K r 

Pseudo Actinides and 

i 

1 

2 

3 

4 

5 

6 

7 

. 8 

9 

10 

Fission 

Bi 
(W/kg U) 

8.084 

5.200 

2.653 

-2.375 

2.481 

2.236 

2.116 

4.102 

1.016 

3.170 

Products 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-3 

10-3 

10-3 

10-2 

10-2 

10-i 

io-i 

10° 

10-2 

lu"3 

(a 

1.06 

2.88 

7.89 

4.71 

1.60 

2.34 

3.19 

7.22 

8.44 

6.48 

- 1) 

x 10"4 

x 10-5 

x lu"3 

X lu"2 

X lu"3 

X lu-2 

X 10-! 

X 10-X 

X lu"2 

X lu"3 

Pseudo actinides 11 4.500 x 10-5 1.00 x 10"8 

Pseudo fission products 12 2.200 x 10-6 6.00 x 10"6 

* derived from CANIGEN-II 
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Bi = decay-heat output constant for radionuclide group i 
(W/kg U) 

Xi = radioactive decay constant for radionuclide group i 
(a"1) 

= 0.693/tk 

t^ = half-life of radionuclide group i (a). 

STATEMENT OF EQUATIONS 

The empirical equations developed to predict the heat generation may be 
given for used fuel as 

n 

I(t) = ZbN £ Qi(t) 

i = l 

or I(t) = ZbN[P(t) + A(t) + F(t)] 

where I(t) = heat output from used-fuel container (W) 

Zb = mass of uranium per bundle of used fuel (kg) 

N = number of bundles of used fuel in used-fuel container 

A(t) = heat output from americium radionuclide in used fuel 
(W/kg U) 

P(t) = B^-^itc + B2e-*-
x2tc + B3e-*3

tc + B4e-*4
tc 

A(t) = B5e-
X5tc 

F(t) = B 6 e- X 6 t c + B 7e-X7i t c + B8e-*8 t c + B 9 e- X 9 t c 

where tc = time in years since the used fuel was discharged from the 
reactor. 

For the concept assessment study, ZbN = 1362.744 kg, and tc = 10 a. 

These equations provide the estimate of rate of heat production for the 
containers for the time period 

10 a < tc < 10 000 a. 

The empirical constants used in the equations are presented in Table 37. 

Table 38 compares the used-fuel heat output per container, as calculated 
using the ORIGEN-S and CANIGEN-II computer codes (P. Baumgartner, unpub
lished data). Figure 97 compares the decay heat output of the actinides 
and fission products in Bruce fuel irradiated to 190 MW»h/kg U, as calcu
lated by the ORIGEN-S and CANIGEN-II codes for 10 to 105 a out-of-reactor 
(P. Baumgartner, unpublished data). 



- 138 -

TABLE 38 

USED-FUEL CONTAINER HEAT OUTPUT PRODUCTION RATES 

(P. Baumgartner, unpublished data) 

Age 
ut-of-Reactor 

(a)* 

10 
15 
20 
50 
100 
150 
200 
500 
1 000 
1 500 
2 000 
5 000 
10 000 
15 000 
20 000 
50 000 
100 000 

Container Heat 

ORIGIN-S 

321.7 
281.6 
255.3 
154.4 
82.4 
57.5 
48.0 
33.5 
23.6 
18.9 
16.5 
12.3 
9.0 
6.9 
5.4 
1.9 
0.5 

Output (V) 

CANIGEN-II 

299.8 
260.9 
236.4 
143.6 
77.5 
54.7 
46.0 
32.8 
23.7 
19.3 
17.0 
12.7 
9.2 
6.9 
5.4 
1.8 
0.5 

T"H f foronro 

(%) 

7.3 
8.0 
8.0 
7.6 
6.3 
5.1 
4.3 
2.3 
-0.2 
-2.0 
-3.0 
-3.4 
-2.1 
-0.8 
0.4 
5.6 
18.0 

* disposal 10 a out-of-reactor. 

Although there is a disparity in the decay heat predicted by the codes as a 
function of time, they are within the uncertainty limits discussed pre
viously for the measured decay heats. The difference in decay heats be
tween the codes is most likely the result of differences in the database 
libraries used by each code to compute the heat output and differences in 
how the burnup calculations are performed (Tait et al. 1989). 

13. FUTURE TRENDS 

The bulk of the world's existing and planned nuclear generating capacity 
operates on the once-through uranium cycle in which only 1 to 2% of the 
uranium is consumed in energy production, with the remainder discharged as 
used fuel (Slater 1986). Current resource projections show that there is 
sufficient uranium from known resources to meet world demand until the 
beginning of the next century (Green et al. 1988). CANDU reactors cur
rently use a once-through natural-uranium cycle (Figure 98) and consume 
about 15% of Canadian uranium production (Lane et al. 1988). While CANDU 
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reactors produce approximately 5 to 6% of the western world's nuclear-
generated electricity, they generate about 25% of the used fuel (Lane and 
McDonnell 1986). 

Because of its neutron economic design and flexible, on-line fuelling capa
bility, the CANDU reactor is ideally suited to operate with a wide range of 
fuel cycles (Green et al. 1988; Veeder and Didsbury 1985; Boczar et al., 
submitted). Those features that enable the CANDU to use natviry'i^uranium 
fuel also make the CANDU the most efficient reactor commercially available 
for other fuels such as slightly enriched uranium (SEU) (Boczar et al. 
1988), recycled uranium (Slater and Griffiths 1984) and/or plutonium 
(Boczar et al. 1989) and thorium. AECL is also exploring the direct use of 
spent PWR fuel in CANDU reactors (the DUPIC cycle) (Keil et al. 1992). The 
incentives for considering the DUPIC cycle are an improvement in uranium 
utilization through added fuel burnup in CANDU, a reduction in fuel and 
fuel enrichment cost, a reduction in volume of waste produced per unit of 
energy produced, and ease of safeguardability by avoiding wet chemical 
reprocessing. 

The reason for using advanced fuel cycles in any reactor is to reduce the 
amount of uranium consumed for each kilowatt of electricity generated. 
Uranium-conserving fuel cycles have been extensively documented for light-
water reactors (International Atomic Energy Agency 1980, Guais 1988, 
Bairiot and Le Bastard 1988, Nuclear Energy Agency 1987) and CANDU reactors 
(Slater 1986, Green et al. 1988, Slater and Griffiths 1984, Boczar et al. 
1988, Nuclear Energy Agency 1987, MacEwan 1982, Archinoff 1982, Lane et al. 
1982). Comparative uranium savings for the different fuel cycles are shown 
in Table 39. The uranium savings range from 30%, by changing to slightly 
enriched uranium for the present once-though cycle, to 100% (self suffi-

TABLE 39 

COMPARATIVE URANIUM USE FOR POTENTIAL 

CANDU FUEL CYCLES (AT EQUILIBRIUM) 

(Lane et al. 1988) 

Uranium Savings (%) 

Natural uranium, once-through 0 

Slightly enriched uranium (1.2%) 30 
once-through 

Uranium-plutonium, recycle 50-60 

Uranium-thorium, recycle with 
plutonium topping 
- high burnup 70-75 
- low burnup 75-100 
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ciency) using a low-burnup, plutonium-topped thorium cycle. The order in 
which the cycles are listed in Table 39 corresponds to the degree of tech
nical difficulty involved in implementing these cycles, their probable cost 
and, therefore, their probable sequence of introduction in Canada (Lane and 
Jeffs 1981). This is the inverse of the order of resource conservation. 

The use of slightly enriched uranium with enrichments ranging from 0.9 to 
-1.5 wt.% 2 3 5U in total uranium, is the first alternative fuel cycle likely 
to be employed in CANDU reactors (Figure 99), and probably the only one 
within a 20-a planning horizon. This is because it is clearly economic at 
current price levels, and offers the incentive to become more so as en
richment costs fall because of an industrial overcapacity and the intro
duction of new, potentially lower cost enrichment technology such as the 
laser-based AVLIS (Atomic Vapour Laser Isotope Separation) process (Green 
et al. 1988, Lane and McDonnell 1986, Hastings et al. 1988). 

FUEL 
ENRICHMENT 

FUEL 
FABRICATION 

NATURAL 
URANIUM 

USED FUEL 
TO STORAGE 

FIGURE 99: Once-Through, Slightly Enriched Uranium Fuel Cycle (Lane et al. 
1988) 

The use of slightly enriched uranium in CANDU offers several benefits 
(Boczar et al. 1988). An enrichment of 1.2% 235U in uranium results in 
minimum fuel-cycle costs and savings of between 25 and 30%. An enrichment 
of 1.2% is near optimum, resulting in an average burnup of about 
518 MW»h/kg U, or about three times the current CANDU burnup with natural 
uranium. An increase in core-average burnup through the use of slightly 
enriched uranium fuel would result in a corresponding decrease in the vol
ume of used fuel that must be stored, transported, immobilized and disposed 
of. With respect to slightly enriched uranium, it must be emphasized that 
an analysis of disposal costs based on the design concept for the Used-Fuel 
Disposal Centre (AECL CANDU et al. 1992) has not been performed. It is 
also important to note that the total quantity of radionuclides produced 
would be the same even though the volume of used fuel discharged could be 
substantially reduced, i.e., the radionuclide concentrations in the fuel 
#ould be higher by a factor of approximately three. Used slightly enriched 
uranium fuel would also have a greater value as a future source of fissile 
material than natural-uranium fuel, since reprocessing costs would be lower 
per unit mass of recovered fissile material. 

The current 37-element CANDU fuel bundle design is capable of operating 
reliably to a burnup of 407 MW»h/kg U under steady power conditions (Green 
et al. 1988). At burnups greater than 528 MW»h/kg U, potential life-
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limiting factors, such as enhanced fission gas release, may occur (Green et 
al. 1988). Changes to the design of the 37-element bundle could be made to 
meet new performance requirements. However, analyses of the new perfor
mance requirements indicate that an advanced bundle design, rather than 
modifications to the existing 37-element bundle, would be more beneficial 
in the long run (Green et al. 1988). 

AECL has an advanced fuel bundle development program to maintain and im
prove the competitive position of CANDU. One component of that program is 
the development of the 43-elémeitt CANFLEX (CANDU Flexible) (Green and 
Boczar 1990, Hastings and Lane 1989, Hastings et al. 1988, Hastings et al. 
1989) advanced fuel bundle design (Figure 100). The bundle is more sub
divided than the 37-element bundle and has two element sizes. It will have 
a higher power capability (1250 kW versus 1035 kW) and higher burnup poten
tial (in excess of 518 MW»h/kg U), or some combination of the two. The 
CANFLEX bundle would provide about a 20% reduction in peak linear element 
ratings in existing CANDU reactors for fresh fuel at a given bundle power, 

FIGURE 100: The CANFLEX Fuel Bundle (Green et al. 1988) 

compared to the current 37-element bundle. At discharge burnup, the peak 
linear rating of a 1.2% slightly enriched uranium CANFLEX bundle is about 
10% less than that of a 37-element bundle. 

AECL is also developing a low-void-reactivity CANDU fuel bundle based on the 
37-element bundle and on CANFLEX as an option for potential clients (Boczar 
et al. 1992). The required reduction in void reactivity is achieved by 
using depleted uranium and dysprosium (a neutron absorber) in the fuel. The 
reduction in void reactivity has a number of potential benefits such as 
reducing the capital cost of future plants by reducing the performance 
requirements on the shutdown systems (both speed and depth), simplifying the 
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primary heat transport system (fewer loops required, eliminating the need 
for interlacing the feeders), smaller boilers (though a greater degree of 
boiling in the channel), a lower heavy-water inventory, and simflifying the 
safety and licensing calculations. 

14. SUMMARY 

The CANDU fuel bundle has undergone a number of changes since its original 
design. Although its basic components have remained the same (Zircaloy 
cladding and natural-U02 fuel), the original design was changed from the 7-
element, wire-wrapped bundle first used in NPD to the 19-element, split-
spacer bundle used in the 220-MV(e) Douglas Point reactor. The split-spacer 
bundle remains the basic design used in all CANDU reactors today. As the 
size of CANDU reactors increased, so did the size of the fuel bundle. A 28-
element bundle, using the same element size as the 19-element bundle, but 
producing significantly more power, was adopted for the 540-MW(e) Pickering 
reactors. The bundle design underwent further evolutionary changes with the 
introduction of the 935-MW(e) Bruce, 1250-MW(e) Darlington and 600-MW(e) 
Gentilly-2 and Point Lepreau reactors. The overall bundle diameter remained 
the same as in the Pickering reactors, but 37 smaller diameter fuel elements 
were used. This change enabled more power to be obtained per unit volume of 
reactor core. 

The CANDU reactor, because of its neutron-economic design and on-line fuel
ling capability, is ideally suited to operate with a wide range of fuel 
cycles, such as slightly enriched uranium, and/or recycled uranium, pluto
nium and thorium. The CANDU bundle will most likely undergo future evolu
tionary changes if any of the advanced fuel cycles are adopted. 

AECL has developed an advanced bundle design, CANFLEX (Figure 100), to 
maintain and improve the competitive position of CANDU. This bundle has 43 
fuel elements and two element sizes. It is capable of producing 20% more 
power, more than 2.5 times already achieved burnup and about a 20% reduction 
in peak linear element rating of the current 37-element bundle. 

Changes in bundle material properties have accompanied evolutionary change 
in bundle design. Specifications for the cladding have been changed on a 
number of occasions in response to greater demands on the bundles (i.e., 
higher power outputs, burnups, and linear power ratings and more severe 
power ramps). CANLUB, a graphite coating applied to the inside surface of 
the cladding, was also introduced to act as an iodine getter to prevent 
stress-corrosion-cracking failures during power ramps. U02 fuel densities 
have also increased to enable more power and higher burnup to be obtained 
from the bundles. 

In summary, the CANDU reactor system has undergone a significant number of 
evolutionary changes since its conception and will undoubtedly undergo 
future changes. The characteristics of used CANDU fuel presented in this 
report are valid for fuel discharged from Canadian reactors that have been 
operating to date. As further changes in the CANDU system are implemented, 
updated characteristics data will be required. 
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