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IRRADIATION BEHAVIOUR OF A 500 MM LONG HOLLOW U3Si 
FUEL ELEMENT IRRADIATED UNDER BLW CONDITIONS 

by 

M.A. Feraday, G.H. Chalder and K.D. Cotnam 

ABSTRACT 

A 500 mm long Zircaloy-clad element of U^Si 
(4.3 wt% Si) containing a 13% central void was irradiated 
to an average burnup of 3600 MWd/tonne U at an average 
linear power output of 790 w/cm, in boiling water coolant 
at 55 bars pressure. 

A larger diameter increase (1.5%) at the mid-
plane of the element than elsewhere was attributed to the 
reduced restraint imposed on the fuel in this area as a 
consequence of ß annealing a section of the cold worked 
sheath. Diameter increases in the cold worked portions of 
the sheath (average 0.7%) were greater than in similar 
elements irradiated in pressurized water at 96 bars pressure; 
the difference is attributed to higher linear power output 
of the element in this test. 

External swelling of the element before filling 
of the central void was complete is attributed to the 
higher silicon content of the fuel compared with previous 
tests. No reaction between U3Si and Zircaloy was observed 
at a fuel sheath interface temperature near 400°C. 

Chalk River Nuclear Laboratories 
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A E C L - 3 3 8 1 



Tenue, sous irradiation dans les conditions BLW*, d'un élément 

combustible creux en U3Sx mesurant 500 mm de longueur 

par M.A. Feraday, G.H. Chalder et K.D. Cotnam 

Résumé 

Un élément en U3Si (4.3% en poids de Si) gainé de 
Zircaloy, mesurant 500 mm de long et contenant un vide central 
de 13% a été irradié a un taux de combustion moyen de 3 600 MWd/tonne U 
pour un rendement énergétique linéaire moyen de 790 W/cm en eau 
bouillante de caloportage a la pression de 55 bars. 

Une plus forte augmentation de diamètre (1.5%) relevée 
au mi-plan de l'élément a été attribuée a la contrainte réduite 
imposée au combustible dans cette région par suite du recuit ß 
donné k une section de la gaine écrouie. Les augmentations de 
diametre dans les parties écrouies de la gaine (moyenne 0.7%) 
étaient plus grandes que dans les éléments semblables irradiés 
dans de l'eau pressurisée à la pression de 96 bars; la différence 
étant attribuée au rendement énergétique linéaire plus élevé 
de l'élément dans cet essai. 

Le gonflement extérieur de l'élément, avant que le vide 
central ne soit complètement rempli, est attribué a la plus haute 
teneur en silicium du combustible comparée à des essais précédents 
Aucune réaction n'a été observée entre U3Si et le Zircaloy à une 
température interfaciale de la gaine du combustible atteignant 
environ 400°C. 

*BLW - Boiling Light Water (Eau légère bouillante) 

L'Energie Atomique du Canada, Limitée 

Centre de Chalk River, Ontario 

Réimprimé en juillet 1969 
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IRRADIATION BEHAVIOUR OF A 500 MM LONG HOLLOW U 3Si 
FUEL ELEMENT IRRADIATED UNDER BLW CONDITIONS 

by 

M.A. Feraday, G.H. Chalder and K.D. Cotnam 

1. INTRODUCTION 

The principal interest in U^Si is as a fuel for 
CANDU-BLW* type reactors'1^. Most of the experience 
available for the design of U 3Si fuel elements has been 
obtained from the swelling behaviour of short (130 mm) 
elements irradiated in pressurized water coolant at 96 bars 
and 220°C temperature^ ' However, since future 
CANDU-BLW fuel elements would probably be 500 mm long and 
operate in a coolant at a pressure of 55 bars and a 
temperature of 2 7 0 ° c ( 4 ) , it is important to establish the 
behaviour of U3Si under these conditions. 

The following report describes the fabrication, 
irradiation and post-irradiation examination of a 500 mm 
long UßSi element irradiated under representative CANDU-
BLW coolant conditions, and discusses the results obtained. 
Since previous irradiations of U 3Si have been confined to 
elements clad in cold worked Zircaloy, an attempt was 
also made to establish the effect of sheath condition on 
the swelling of ^ S i by ß-annealing a 3 cm long section 
of the cold worked Zircaloy sheath. 

2. FABRICATION AND PRE-IRRADIATION INSPECTION 

The U3Si for this test was prepared by Eldorado 
Nuclear Limited by vacuum induction melting of uranium and 
silicon metal followed by casting into cored moulds(5). 
The chemical, spectrographic, and mass analyses data for 
the U3Si are given in Table 1. Because of fabrication 
problems, the silicon level of the rod (4.3 wt%) was 
somewhat higher than the design level of 4.0 wt%. The 
rods were vacuum heat treated at 800°C for 96 hours to 

•Canadian Deuterium Uranium - Boiling Light Water 
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transform the as-cast structure of U3Si2 and uranium to a 
structure consisting of corrosion resistant delta phase 
(U3Si) with some residual U 3Si 2 (Figures 1 and 2). The 
rods were then centreless ground, end faced and dimensioned; 
densities were measured on each rod by immersion in octyl 
alcohol (Table 2). Visual inspection of the rods showed 
very few pits in the surfaces. Prior to loading, the fuel 
rods were photographed (Figure 3), and ultrasonically cleaned. 
A summary of the measured and calculated data on the U3Si 
rods is shown in Table 2. 

The U3Si was assembled into Zircaloy-2 cladding 
at the Canadian Westinghouse Co. plant in Port Hope; the 
assembly data is summarized in Table 3. The total free 
volume* inside the assembled element (designated SAN) was 
15.8% of the volume of theoretically dense U3Si. 

Prior to installation in the reactor the diameter 
profiles (Figure 4) and length (Table 3) of the element 
were recorded. 

3. IRRADIATION OF THE ELEMENTS 

Element SAN was irradiated (along with U02 fuel 
elements) in the X-6 loop of NRX Reactor during the period 
3 November, 1966 to 27 Febraury, 1967 as shown in Table 4. 
During this time the fuel experienced 85 equivalent full 
power days irradiation and 37 reactor trips and shutdowns. 

The operating conditions were as follows: 

inlet loop pressure - 57 bars 
subcooling inlet - 6°C minimum 
exit bulk coolant temperature - 270°C 
coolant flow - 0.38 kg/sec 
exit quality - 18.5 wt% steam 

4. POST-IRRADIATION EXAMINATION 

During post-irradiation examination, element SAN 
was visually inspected, and the length (Table 3), diameter 

*Methods of calculating volumes and densities in U3Si fuel 
elements are described in Appendix A. 
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(Figure 4) and bow (Table 3) were measured. 

Destructive examination of element SAN included 
metallographic examination of cross-sections of the fuel 
(Section 5), density measurements on samples of the fuel, 
and burnup analysis (Table 4). 

5. RESULTS 

5.1 Dimensional Changes 

Examination of the diameter profiles (Figure 4) 
showed that the annealed zone in the cold-worked sheath 
underwent a greater diameter increase (1.5%) than did the 
remainder of the sheath (0.4% at top, 1% at bottom). 

The element showed a small length decrease 
(0.13%) and little bowing (0.23 mm max.) after irradiation. 

5.2 Examination of Fuel Sections 

Element SAN was sectioned using a tube cutter 
and cut off wheel. Representative photographs (Figure 5) 
were taken of the cut or fractured sections, following 
which, three sections were polished and examined metallo-
graphically. 

The unpolished cross-sections (Figure 5) showed 
that part of the original central void remained over most 
of the length of the element. The U^Si was found to be 
brittle and cracked, and in some cases pieces dropped out 
during handling. 

The metallographic sections (Figure 6) confirmed 
that partial filling of the void had occurred and that 
cracks were present in all sections of the U_Si. Both the 
polished and unpolished sections indicated that the void 
filled in more at the top of the rod than at the bottom 
(Figures 5 and 6). Lighter coloured zones, circular in 
shape and centrally located, were observed in etched 
sections; the circle has a larger diameter in the bottom 
than in the top section (Figure 6). A corresponding change 
in appearance was observed in the fractured sections 
(Figure 5). 
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Examination of the fuel at higher magnification 
showed that: 

a) the distribution and form of the U-,Si2 in the matrix 
was the same as in the unirradiated samples (Figure 7A). 

b) the fuel areas adjacent to the central void contained 
some free uranium (Figure 7B). 

c) a large number of pores or second phase material were 
present in the U^Si but none were present in the U 3Si 2 
(Figure 7C) . 

d) no consistent differences in the microstructure of the 
matrix occurred across the rod radius (Figures 7B, 7D 
to G) . 

e) no reaction zone between the Zircaloy sheath and the 
fuel had developed. 

5.3 Fuel Volume Changes 

The volume change in the U^Si was calculated at 
several positions in the element by adding together an 
estimate of the infilling of the central void (from 
photomicrographs), the initial porosity present in the 
fuel, the initial diametral and axial clearance in the 
element, and the measured external volume increase at the 
appropriate position (Figure 4). It was assumed that the 
same fraction of the initial porosity and axial clearance 
were filled in, as was found to have occurred for the 
central void. Differential thermal expansion of fuel and 
sheath reduced the diametral clearance at full element 
power to less than 0.4 vol%. Results are shewn as Av^ 
in Table 4. 

Post-irradiation density measurements (p.) were 
done on five sections of fuel, two each from the top and 
centre portions of the rod and one from the bottom of the 
rod; these are identified as Dl to D5 in Table 4 and on 
Figure 5. Volume changes in the U^Si determined from the 
density measurements (by the method described in Appendix A) 
are shown in Table 4 as AV 0. 
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5.4 Heat Ratings 

The linear power outputs and burnups shown in 
Table 4 are based on chemical burnup analysis of a sample 
cut from the centre of element SAN (Figure 5) and are 
quoted in terms of 185 MeV/fission, the heat released to 
the coolant. 

5.5 Temperature Distribution in the Fuel 

In calculating temperature distribution in 
the fuel (Table 4) we used: 

a) a constant fuel/sheath heat transfer coefficient of 
5 W/cm^°c(3), since fuel and sheath were observed to 
be in intimate contact. 

b) an average thermal conductivity of 0.2 W/cm°C, based 
on a value of 0.15 w/cm°c(8) measured on unirradiated 
U^Si at 30°C and assuming an increase in conductivity 
with temperature in U^Si similar to that in uranium(^ ). 
Values for the thermal conductivity of U3Si at higher 
temperatures have not been measured. 

c) heat generation In the fuel of 182 MeV/fission. 

The maximum fuel temperature estimated in this 
way was 675°C. 

6. DISCUSSION 

In the cold worked sections of sheathing of 
element SAN, the larger diameter increase which occurred 
at the bottom of the element compared to the top, is attri-
buted to the higher fuel power and higher burnup in the 
bottom section as a consequence of the neutron flux gradient 
to which the element was exposed in the loop. 

Fuel identical with that in element SAN has been 
irradiated in pressurized water (at 96 bars pressure) in 
cold worked Zircaloy sheathing of similar thickness, at a 
linear power output of 500 w / c m ^ . The average diameter 
increase of 0.4% in the upper portion of element SAN, which 
operated at 745 w/cm length, is slightly larger than that 
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seen after the same burnup in the elements irradiated in 
the pressurized water test (0.3% maximum). The 1% 
diameter increase found in the lower portion of SAN, which 
operated at 835 w/cm length, is significantly greater than 
the diameter increase of ~0.4% seen in pressurized water 
after the same burnup. The lower coolant pressure in the 
present test (57 bars) may also be contributing to the 
larger diameter increases. However, since the power 
outputs in this test were higher than in the pressurized 
water test, and since smaller differences in power output 
have been shown to affect diameter changes within the same 
test (3). an effect of coolant pressure on swelling has not 
been definitely established for cold worked sheathing. 

The larger diameter increase which occurred at 
the mid-plane of elements SAN (Figure 4) is attributed to 
a lower restraint offered by the beta-annealed sheathing 
in this section. This larger diameter increase cannot be 
attributed to local differences in the U-jSi, since the 
composition and power output of the fuel, and the total 
free volume in the element in this area were not signifi-
cantly different from those under the adjacent cold worked 
sections of sheathing. 

(3) 
In the test in pressurized water , elements 

otherwise identical to those already described above but 
having an annealed zone at the mid-plane, were also 
irradiated. In contrast to element SAN, these showed no 
detectable difference in diameter between cold worked and 
annealed sheath zones after irradiation. However, in the 
same test in pressurized water, similar elements clad in 
thinner (0.4 mm thick) Zircaloy-4 sheaths did expand more 
over the ß-annealed zone than over the remainder of the 
cold worked sheath, under similar conditions of heat rating 
and burnup. 

It appears that the lower strength of the ß-annealed 
zone of the sheath is more significant in its effect on 
the swelling of U^Si, when the total restraint imposed on 
the fuel is lower, as a consequence either of lower coolant 
pressure or lower sheath thickness. 

Element SAN expanded 0.4-1.0% on diameter after 
a burnup of 3000-4000 MWd/tonne U while a significant 
fraction of the central void remained unfilled. After an 
earlier test (2) in pressurized water at 96 bars, a 7 vol% 
void in fuel containing 4.0 wt% Si, was found to be 
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completely filled after a burnup of 1600 MWd/tonne U 
without significant diameter increase of the fuel element. 

The reason why the void did not fill in element 
SAN is uncertain, however it may be associated with the 
higher silicon level (4.3 wt%) in the U^Si in this element 
compared with 4.0 wt% in the earlier test (2). We know that 
the hardness of unirradiated U-Si alloys increases with 
silicon content and so presumably does the stiffness. 
Assuming the relationship extends to fuel during irradiation, 
a higher stress would be required to cause fuel of higher 
silicon content to flow into a central void. The observed 
behaviour in element SAN, in which the sheath expanded 
before the void was filled, is consistent with a higher 
stress level, produced in the sheath by the expanding fuel, 
leading to more creep deformation of the sheath. 

Observations on the microstructure of the fuel 
in element SAN are consistent with those from an earlier 
test(2). The lighter coloured circular zones seen on the 
polished and etched macro-sections have also been observed 
in other specimens after higher burnup(3). it would appear 
that the phenomenon results from a change in etching 
behaviour but no differences in microstructure could be 
observed between light and dark etching areas. 

The U^Si volume changes calculated from density 
measurements on fuel samples (AV2 Table 4) appear to be in 
error, at least for the top and bottom sections, since 
they exceed the sum of the "total free volume" initially 
present in the element (V^) and external volume increases 
measured after irradiation (Vg) also shown in Table 4. 
However, several of the density determinations were repeated 
and found to be correct, and the technique was checked 
against standards of known volume. It is possible that 
the volume changes measured in the top and bottom fuel 
sections were affected by their proximity to the short 
pieces of natural U^Si employed as flux suppressors in the 
ends of the element. Three observations suggest that local 
longitudinal flow of the enriched U^Si occurred towards 
the element ends. Firstly, the lower end of the bottom 
enriched rod, which was initially flat, exhibited a convex 
surface after irradiation indicating a downward flow of 
material. Secondly, although they contain natural uranium 
and would therefore receive a lower burnup and consequently 
undergo less swelling, the flux suppressors were found to have 
completely filled their voids. Thirdly at the top of the 
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rod, sample Dl, (Figure 5) taken adjacent to the flux 
suppressor, exhibited a lower density than D2, indicating 
greater fuel movement in D^. If this explanation is 
valid Av 2 gives a better estimate than AV-̂  of the true 
volume change of the U^Si. 

In the centre section of the element, the volume 
changes calculated by the two methods described in 
Section 5.3, i.e. AV^ and AV2, are in better agreement. 
In another experiment^), the volume changes calculated 
from density measurements (Av2) were found to be 2-3% 
higher than those calculated from dimensional changes 
(AV;L). 

Minor reaction between UgSi and Zircaloy was 
reported from an earlier test at a calculated fuel 
surface temperature of 305°c(2'3). No such reaction 
was observed in this experiment despite a higher calculated 
fuel surface temperature (~400°C) . 

7. CONCLUSIONS 

1) The larger diameter increase observed at the mid-
plane of the element resulted from the reduced 
strength of the annealed Zircaloy sheath in this 
region, compared with the cold worked sheath over 
the remainder of the element. 

2) The larger diameter increase in the cold worked part 
of the sheath of element SAN, compared to similar 
elements irradiated in pressurized water coolant at 
higher pressure, may be attributed to its higher 
power output. An effect of coolant pressure on swelling 
has not therefore been demonstrated conclusively for 
cold worked sheathing, but the annealed portion of the 
sheath did swell more in this test indicating an 
effect of coolant pressure at low levels of total 
restraint. 

3) The element swelled externally while there was still 
a significant part of the central void unfilled. 
This behaviour has tentatively been attributed to 
the high silicon level in the fuel (4.3 wt%). 

4) No appreciable reaction occurred between Zircaloy and 
U.,Si at a temperature near 400°C. 
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Figure 2 

U-4.30 w t % Si. Heat treated at 800°C 

for 96 hours - etched in Ambler's 

reagent. 

Light grey = U 3 S i (showing grain 
boundaries) 

! 

> Dark grey = UO2 

'**/- Two tone = U3Si2 

Avèrage grain size 21 microns 

Figure 3 

UßSi fuel rods including two end flux 

suppressors (smallest slugs). Note 

small pits. 
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Figure 4 - Diameter Profiles for Element SAN 
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Figure 5 Element SAN After Irradiation 

EFS DliD2 MET MET °3 i °4 B.U. MET °5 EFS1 

1 2 5 6 

BOTTOM 

7 8 

(1) Fractured Section (3) Fractured Section (5) Fractured Section (7) End Face of Enriched 
Rod 

(2) Fractured Section (4) Cut Section (6) Fractured Section (8) End Face of Natural EFS* 

* MET = Metallographic sample 
D = Density specimen 

€ 
EFS = Natural U3Si end flux suppressor 

, • i -u Approx. Scale , 5 mm BU = Sectxon for chemical burnup ^ I 
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(A) 

R-49-A-8 

Section 2 in Figure 5 (etched) 

(B) 

R-49-B-1 

Section 4 in Figure 5 (as polished) 

( C ) 

R-49-C-8 

Section 5 in Figure 5 (etched) 

Figure 6 

Polished sections of element SAN shewing 

cracking, remains of central void, and 

lighter etching band on etched samples. 

Broken lines show original size and 

location of central void. 



Figure 7 Microstructure of the Irradiated U^Si From Element SAN 
(U3Si = grey U3Si2 = white) 

(A) (R-49-B4) 
Typical distribution of the 
U3Si2 in U3Si. Some UO2 
(black) . 

(B) (R-49-A6) 
Area near center showing 
some free U (black) along 
with U3Si2 in U3Si. Top 
section. 

(C) (R-49-B2) 
Fine porosity or second 
phase in U3Si . Mid-
section. 

(D) (R-49-A5) 
Area showing fuel near 
mid-radius. Top section. 

(E) (R-49-A2) 
Fuel near outer edge. Top 
section. 

(F) (R-49-C5) 
Fuel near mid-radius. 
Bottom section. 

(G) (R-49-B5) 
Fuel near mid-radius. 
Mid-section. 

c 
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TABLE 1 

SUMMARY OF CHEMICAL, S PE CTOGRAPHIC AND MASS ANALYSES* OF 
THE U3Si (Heat No. 259) IN ELEMENT SAN 

1) Chemical - Si 4.30 ± 0.01 wt% 
- C>2 2600 ppm 
- C 300 ppm 

2) Spectographic (ppm) 

Al 70 Mo 15 
B < 0.1 Nb 1 

Ca 15 Ni 120 
Cd < 0.1 Pb 4 
Cr 20 Ti 30 
Cu 40 V 10 
Fe 130 Zn 40 
Mn 2 Zr 1 

Mass Analyses - 2.14 wt% U 235 

* Analyses done at CRNL 



TABLE 2 

SUMMARY OF MEASUREMENTS ON UoSi FUEL 

Rod 
No. 
(Top) 

O.D. 
(avg.) 
(mm) 

Wt. of 
U3Si 
(g) 

Length of 
Rod 
(mm) 

Pre-
Irradiation 

Density 
(g/cm3) 

Porosity* 
(°/o) 

(V4 App A) 

Central Void* 
Vol (%) 
(V5 App A) 

EFS** 13.68 32.27 16.00 14.90 - -

1 13.68 183.71 96.32 14.61 2.6 12.9 
2 13.68 128.50 66.75 14.79 1.4 13.0 
3 13.68 138.17 71.86 14.73 1.8 12.8 
4 13.68 68.83 36.02 14.73 1.8 13.5 
5 13.68 109.72 57.53 14.64 2.4 13.1 
6 13 .68 103.37 53.92 14.70 2.0 12.9 
7 13.68 90.32 47 .42 14.73 1.8 13 .9 
8 13 .68 18.60 9.63 14.75 1.6 12.5 

EFS** 13 .68 34.17 16.79 14.99 -
-

3 
* Theoretical Density = 15.0 g/cm (7). See also Appendix A. 

** Natural U-jSi (4 wt% Si) EndFlux Suppressors. 
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TABLE 3 

MEASUREMENTS ON COMPLETED FUEL ELEMENT SAN 

Sheathing - Zircaloy-2 

O.D. - average - 15.32 mm (See Fig. 4) 

- thickness - 0.76 mm 

Clearance - diametral min. - 0.05 mm 
max. - 0.13 mm 

- axial min. - 2.80 mm 
max. - 3.68 mm 

Length (over spigot ends) - 500.38 mm 

Length decrease after 
irradiation 

- 0.13% 

Maximum bowing after 
irradiation 

- 0.23 mm 



TABLE 4 

SUMMARY OF DATA ON POWER OUTPUT AND FUEL DENSITY CHANGE IN ELEMENT SAN 

Approximate 
Power (°C) Sample 

Post-irrad. % Vol. Change (see App. A) 
Elevation Above 
Calandria Bottom 

Burnup* 
Power (°C) Sample 

Density 
(g/cm3) 

Û V1 
(from void 

AV2 

(from 

Pi & PTD) 

Elevation Above 
Calandria Bottom 

Burnup* Output Fuel 
Centre 

Fuel 
Surface 

Sheath 
(Average) 

No. 
Density 
(g/cm3) 

Û V1 
(from void 

AV2 

(from 

Pi & PTD) 
(cm) (MWd/tonne U) (W/cm) (Fig. 5) Pi infilling etc 

Sect. 5.3) 

AV2 

(from 

Pi & PTD) 
V7 + V8 

(EFS+) 1200 270 ND ND ND 

230 3070 665 580 385 320 D1 12.23 
15.0 

22.6 16.4 

°2 
12.49 

15.0 
20.1 16.6 

220 3440 745 615 400 325 - - -

208 3645** 790 635 410 329 
°3 
°4 

12.74 
12.83 

15.7 17.7 
16.9 -20 

196 3850 835 655 415 332 - - -

185 4000 870 675 425 335 D5 12.58 15.0 19.2 18.5 

(EFS+) 1500 350 ND ND ND - -

OO 

* 185 MeV/fission 
** Chemical burnup sample - other values extrapolated according to the known flux distribution 
+ EFS = Natural U3Si end flux suppressors 
ND Not determined 

€ O 



APPENDIX A 

METHOD FOR DETERMINING POROSITY, CENTRAL VOID VOLUME 
TOTAL FREE VOLUME AND DENSITY CHANGES 

IN U3Si RODS AND ELEMENTS 

, , j. rp r, * ,, 0 - • i Weight of U^Si in a slug fg) 
1. V, = Vol of T.D.* UTSi m a slug = r

ù-, 5-r ë — 

1 3 s pTD(g/cm
3) 

2. a) pTD= Theoretical density of U3Si at 4.3 wt% Si is 15.0 g/cm3(7) 

b) p^ = Post-irradiation density (g/cm3) Table 4 

3. V2 ~ External slug volume based on outside diameter and length of U^Si slug. 

4. Vj = Volume of U^Si slug by immersion in octyl alcohol. 
V3 " V1 

5. V 4 =• Porosity (%) = - x 100 

V2 " V3 
6. Vr = Central void volume (%) = —r, x 100 

1 

7. V^ = Hot clearances in a fuel element i.e. clearances calculated to remain after differential 
expansion of fuel and sheath at full element power. 

8. V-, = Total free volume for an assembled unirradiated fuel element = V. + V c + V, = 15.81 
7 4 5 0 

9. Va = External volume change at a particular section calculated from Fig. 4. 

10. AV2 = [ ̂  - 1J x 100 (%) 

TD = Theoretically dense. 
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