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AECL-2718 
Essai de corrosion de spécimens de combustible 
en siliciure d'uranium 

par W.T. Bourns 

Résumé - L'U^Si est le combustible d'uranium 
naturel de haute intensité le plus prometteur 
pour les réacteurs de puissance à refroidissement 
aqueux. Les réacteurs de puissance alimentés 
avec ce combustible devraient produire de l'élec-
tricité meilleur marché que les réacteurs ali-
mentés par du bioxyde d'uranium. Des essais de 
corrosion effectués dans de l'eau à 300°C ont 
précédé des essais intensifs de performance en 
réacteur d'éléments et de faisceaux combustibles. 

Le traitement thermique approprié de 
l'U-Si (3.91 en poids) donne un spécimen d'U-Si 

2 
qui se corrode a moins de 2 mg/cm h dans de 
l'eau k 300°C. Cet ordre de grandeur est infé-
rieur au taux maximal de corrosion admissible 
dans un réacteur à refroidissement aqueux. 
L'U-Si dans une gaine non scellée en zircaloy-2 
qui était défectueuse n'a montré qu'une extension 
lente et uniforme de la gaine dans de l'eau à 
300°C. Tous les essais ont été effectués dans 
des conditions isothermiques dans une boucle hors 
réacteur. 

Chalk River, Ontario 
Septembre 1968 
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A B S T R A C T 

U3Si is the most promising high density natural uranium 
fuel for water-cooled power reactors. Power reactors 
fuelled with this material are expected to produce cheaper 
electricity than those fuelled with uranium dioxide. 
Corrosion tests in 300°C water preceded extensive in-
reactor performance tests of fuel elements and bundles. 

Proper heat-treatment of U-3.9 wt% Si gives a U3Si specimen 
which corrodes at less than 2 mg/cm2 h in 300°C water. 
This is an order of magnitude lower than the maximum 
corrosion rate tolerable in a water-cooled reactor. U3Si 
in a defected unbonded Zircaloy-2 sheath showed only a 
slow uniform sheath expansion in 300°C water. All tests 
were done under isothermal conditions in an out-reactor 
loop. 
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CORROSION TESTING OF URANIUM 
SILICIDE FUEL SPECIMENS 

by 

W.T. Bourns 

INTRODUCTION 

The cost of electricity from Canada's heavy-water-
moderated power reactors could be reduced by using a 
suitable fuel of higher density than U02(1). The 
fuel must combine this increased density with low 
parasitic neutron absorption, low manufacturing costs 
and stability both to irradiation and the chemical 
environment in the reactor. The latter requirement 
is particularly important, and was used as a means of 
screening candidate fuels. 

Corrosion tests of several fuel materials and a number 
of designs of multiple-sheathed metal fuel showed that 
U3Si was the most promising. An economic study and an 
assessment of initial irradiation performance confirm that 
U3Si is the best alternative to U02(2). This report 
deals with corrosion tests which preceded irradiation 
experiments. Fuel specimens were supplied by the Fuel 
Development Branch. 

The greatest saving in power costs are obtained with a 
high density fuel in a CANDU-BLW (boiling light water) 
reactor (1). Nevertheless, the corrosion tests were 
carried out under PHW (pressurized heavy water) conditions 
since this was more convenient experimentally and, to a 
first approximation, was believed representative of BLW 
conditions. Truly correct conditions could only be 
obtained in-reactor so further refinements to out-reactor 
equipment seemed unwarranted. 

OBJECTIVE • 

Since uranium and fission products released from a 
corroding defected fuel contaminate the reactor coolant, 
the corrosion rate should be ideally- kept to a minimum. 
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Uranium dioxide is outstanding in having a low corrosion 
rate in 300° C water. However, a much higher rate is 
tolerable, in the order of 0.1 g/h from a single failed 
fuel element provided it can be located and removed in 
less than a day. This restricts accumulation of uranium 
in the coolant system to a reasonable level. (See Appendix IV). 

These corrosion tests were made to provide 

confirmation of previous work (3) showing a low 
corrosion rate for U3Si 

extension of this information 

- reassurance that satisfactory material is produced 
by present fabrication techniques 

information on the behaviour of defected sheathed 
U3Si specimens 

It was desirable to complete this work before extensive 
irradiation testing of UsSi fuel elements and fuel 
bundles was started. 

APPARATUS AND PROCEDURE 

All the corrosion tests were made in a once-through 
flowing water system designated 250H-2 loop. A 
simplified flowsheet of the system is given in Figure 1(a) 
and a photograiph of the test section in Figure 1(b). A 
full description of the loop and the procedure used is 
given in Appendix III. The essential points are given 
below: 

(a) The feed was deionized, deoxygenated water adjusted 
to pH 10 to 10.4 by LiOH or NHnOH addition and 
contained 15 - 2 0 cc H2/kg of water (above the 
saturation value at atmospheric pressure so that 
any corrosion product hydrogen could be easily 
collected). It was pressurized to 1750 psi and 
heated before flowing past the fuel specimen. 

(b) The hydrogen release rate from the depressurized 
outlet water was measured continually - the increase 
above the background level gave a measure of the 
corrosion rate. 
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BACKWASH SYSTEM Simplified flowsheet of 250H-2 
once-through system 

Fig. 1(b) -

Test section of 250H-2. Flow 
from right to left, passes over 
compression spring, inlet piece 
to direct flow to outer annulus, 
spacer, fuel specimen, and outlet 
piece to direct flow to the centre 
past thermocouple to the outlet 
tubing. This piece seals against 
Grayloc fitting to force flow 
through internal passageways. 
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(c) A by-pass around the test section allowed the 
loop to be brought to a steady condition before 
the fuel specimen was valved in. 

(d) At the end of a run the specimen was cooled 
rapidly by a cooler on the test section and by 
introducing the room temperature feed water 
directly to the test section. 

(e) Sheathed specimens had a 0.051 cm diameter defect 
hole drilled through the sheath at the midpoint 
of the lateral surface (previous irradiation 
tests(4) with U-2 wt% Zr specimens had shown that 
a 0.051 cm diameter defect had less tendancy to 
stay plugged than a 0.025 cm diameter defect). 

(f) A run was usually terminated if there was any 
sudden increase in the hydrogen release rate. 

(g) The weight change was measured for all specimens; 
the corrosion rate was determined for bare 
specimens by removing any adhering oxide by 
chemical or mechanical means to obtain the 
actual weight of metal corroded. 

CALIBRATION TESTS 

Bare Uranium 

Corrosion rates of bare uranium metal determined 
both by metal loss and gas evolution agreed well with 
literature values (Figure 2a, Figure 3 and Appendix I, 
Table I). The corrosion rates in water at pH 7 and in 
LiOH solution at pH 10 were similar. 

Sheathed Uranium 

Very poor material balances were obtained on two 
defected sheathed uranium specimens (Appendix I, 
Table II). The sheaths were not bonded but were 
a tight mechanical fit. The specimens swelled greatly 
in 14 and 15 minute exposures, jamming in the test 
section so tightly a hydraulic ram could not remove 
them. Nitric acid (4 N) dissolved the corrosion 
products allowing the removal of the specimens 
(Figure 2b). Gas evolution indicated 10 g and 7 g 
of U corroded, whereas the cleaned U slugs had lost 
50 g each. The expected corrosion from an equivalent 
bare U specimen is 36 g of U. 
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Bare U metal calibration test specimens. Exposure times 
of P-l to P-5 at 285°C to 295°C were 25, 0, 10,10 and 8 
minutes, respectively. 
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Figure 2b 

Defected sheathed U metal calibration test specimens. 
Exposure times of M-l and M-2 at approximately 295°C 
were 14 and 15 minutes respectively. 
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Gas evolution was linear during the corrosion of the 
bare specimens, but with the sheathed specimens 
evolution did not start until ten minutes after exposure 
and it continued beyond the run when the cooled uranium 
should have stopped corroding. This data agrees with 
the mechanism proposed by T r o u t n e r ( 5 ) . Hydrogen 
produced by the reaction of water with U reacts with 
the U producing uranium hydride (UH3), which in turn 
can react with water releasing hydrogen. Troutner 
believes this hydrogen cycle is important in the corrosion 
of sheathed U specimens and has published photo-
micrographs showing hydride in the corrosion front. 
The current data suggest massive quantities of hydride 
formed; some decomposed after the sheath split open 
and while the specimen was cooling but the remainder 
did not react until the acid was added. 

A third defected sheathed U metal specimen, exposed 
for five minutes at 300°C was apparently unchanged. 
Once the specimen was sectioned corrosion was apparent 
as a ring of U02 with occasional wider pockets all 
around the U core. Special etching to reveal hydride 
showed long stringers of UH3 reaching into the core 
material chiefly from these pockets (Figure 4). 

I 1 
Figure 4 20 ym 

U core in compression fit Zircaloy-2 ^sheath (M-3) after 
five minutes exposure at 290°G. The fairly uniform 
oxide layer (with a few pockets) has been removed in 
an etch to show the UH3 needles penetrating into the U core. 
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URANIUM-SILICON PHASE DIAGRAM 

A knowledge of the U-Si phase diagram is necessary 
to understand the corrosion of U-3.9 wt% Si alloys 
because "as-cast" and "deltized" alloys contain dif-
ferent compounds. As shown in the phase diagram 
(Figure 5) at 3.78 wt% Si, the equilibrium phase 
between room temperature and 930c'C is U3Si designated 
the delta (ô) phase (in some earlier reports this was 
called the epsilon (e) phase). However, on cooling 
from the melt the epsilon (U3Si~) phase first crys-
tallizes out and then below 985 C the alloy becomes 
completely solid containing the U3Si2 phase and the 
eutectic of U metal and U 3Si 2. In normal cooling 
these phases are retained at room temperature. 
Lengthy heating close to the peritectoid temperature 
(930°C) is required for conversion to the delta phase 
by the reaction 

3U + U3Si2 = 2U3Si. 

The U3Si forming around the U3Si2 separates the reac-
tants and limits the rate of reaction to the rate of 
diffusion through this ever-widening layer. As carbon 
lowers the peritectoid temperature the deltization 
treatment is usually carried out at 800°C. The time 
involved has ranged from two to seven days. 

The exact composition of thé delta phase is not clear, 
in practice it appears to be closer to 3.9 wt% Si than 
the theoretical 3.78 wt% Si for U Si, though 
Zachariasen (7) from X-rav work has3concluded it is 
U3Si. Early literature^stated that whatever its 
composition, its range is narrow, necessitating careful 
composition control to minimize the presence of free 
uranium and U?Si2, both of which were said to have 
poorer corrosion resistance. 

U3SI LITERATURE SURVEY 

A literature s u r v e y ( 3 ) was made in an effort to find a 
ternary element which might widen the composition range 
of the U3Si phase. None of the additions reported gave 
any substantial improvement (though Al addition gave the 
same corrosion rate with a lower Si content) but it was 
concluded that, for our reactor conditions, no addition 
was necessary. The lowest corrosion rate is obtained 
with 3.8 to 3.9 wt% Si, but the range from 3.6 to 4.0 wt% 
Si would be very satisfactory (definitely less than 10 
mg/cm2 h weight loss at 343°C, and probably less than 
5 mg/cm2 h). 
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It was further concluded the silicon content should 
not be below 3.6 wt% Si as the free uranium results 
in the cracking of specimens when attacked by water, 
but there is no data to say above 4.0 wt% Si would 
be unsatisfactory. However, there is no incentive 
to go to higher silicon contents as the density 
drops off as the silicon content increases. 

EXPERIMENTAL RESULTS 

Preliminary Tests 

U-3.9 wt% Si was first tested in the "as-cast" condition 
in which the structure consists of U 3Si 2 and U metal. 
In an 11-minute test the corrosion rate was 440 mg/cm2 h 
and several pieces broke off the specimen. The 
same material, heat treated at 8 00 C for three days 
to produce the 6-phase (U3Si) plus some residual 
U 3Si 2 gave a low rate of 1.6 mg/cm2 h in a 30 minute 
test. Repeat tests on the same specimen for 2,5 h 
and 18 h confirmed this value. The specimen corroded 
uniformly, the one flaw shown in the upper specimen 
in Figure 6 was present originally, and the slight 
ridge at the ends shows where the end caps provided 
some protection against corrosion. 

Low Silicon Alloy 

A heat treated 3.35 wt% Si specimen gave a corrosion 
rate about ten times higher than the 3.9 wt% Si 
specimen in a one-hour run and broke up severely at 
one end in a three-hour 20-minute run (Figure 6). 
A cross section of the unbroken end showed darkening 
of the specimen over one-third of the way to the 
centre. Metallographic examination showed the 
free uranium still present in the core had been 
converted to U02 in the dark outer ring (Figure 17). 

High Silicon Alloy 

Two deltized 4.5 wt% Si specimens gave corrosion 
rates equivalent to U3Si in 4.25 and 20 hour tests. 

Near Stoichiometric U3Si 

Further testing of heat treated U-3.9 wt% Si specimens 
for longer periods confirmed its good corrosion 
resistance with the exception of one specimen (M-52), 
which was later shown to be improperly deltized. The 
following factors, which differed in the two series of 
tests, were shown to have negligible effect on the corrosion 
rate: 
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Figure 6 i 1 
0 . 7 cm 

U-Si fuels. 

Top - deltized U-3.9 wt% Si specimen M-17 after 21 
hours exposure in 300°C water. Specimen has been 
rinsed in carbonate-peroxide wash to remove loose 
oxide. 

Bottom - heat treated U-3.35 ,wt% Si after 3 hours 
20 minutes in 300°C water.. 
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(a) NH^OH o r LiOH to give pH 10.4 in the water 

(b) Manufacture by two different suppliers 

(c) Small changes in the concentration of impurities 
in the U3Si (Appendix II -, Table I) . 

In the one poor result obtained, a 56 g specimen 
(M-52) of supposedly deltized material disappeared, 
except for two small slivers, in a 64 hour test at 
295°^. The gas evolution curve (Figure 7) showed 
the corrosion rate was 75 mg/cm2 h for most of the 
run, but initially was about 540 mg/cm2 h. (Since 
the hydrogen background value was not constant during 
this long run, the corrosion curve was prepared by 
adjusting the total volume of corrosion hydrogen 
collected to correspond to. the known weight of U corroded.) 
Metallographic examination of the piece the specimen 
had been cut from showed it contained much free U 
and U3Si2 (Figure 8). It was later discovered this 
specimen had inadvertently been placed outside the 
uniform temperature zone of the furnace used for 
deltizing and had been heat treated at a temperature 
considerably below the 800°C intended. The remaining 
piece was again heat treated, this time at 800°C for 
72 hours, and was found to be properly deltized. When 
tested in an 85-hour run it was corrosion resistant 
(2.1 mg/cm2 h) ruling out any differences in the 
manufacturing procedure or chemical composition as 
the cause of the initial higher corrosion rate. 

Corrosion behaviour of the three other specimens tested 
for up to 89 hours was related to the phases present. 
Two deltized specimens corroded at only 1.8 and 1.9 mg/cm2 h. 
One specimen, which was deltized except around the central 
hole, gave an average rate of 18.8 mg/cm2 h; the majority 
of this corrosion occurred aroung the central void (M-53 in 
Figures 9 and 10). Approximate corrosion rates 
calculated from the change in dimensions of the specimen 
were 570 mg/cm2 h from the inside diameter, 0.5 mg/cm2 h 
from the outside diameter and 2.7 gm/cm2 h from the 
length. No explanation for the poorer deltization 
around the central hole can yet be made. 

A summary of the corrosion data on U-Si alloys is 
given in Table I and the full details are recorded 
in Appendix I, Table I. 
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Figure 7 

Corrosion rate of incompletely deltized U-4.0 wt% Si 
specimen M-52 as shown by the corrosion hydrogen evolution 
(adjusted to the known weight of U corroded). 
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Structure of incompletely deltized U-3.98 wt% Si 
specimen M-52. The light grey material is U3Si2, 
the dark grey is U3Si, and the black material is U 
metal phase. The small black specks are U02. 
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TABLE I 

CORROSION OF BARE U-Si ALLOYS IN 300°C WATER 

Exposure Time No. of Corrosion 
% Si Heat Treatment (h) Tests' (mg/cm2 h) 

3.35 deltized^ 1 - 3 2 7 for 2 h,100 afterwards' 

3.9 as-cast 0.2 1 400 

.9 - 4.0 deltized 0.5 - 89 6 2 

3.98 incompletely deltized 64 1 70(3> 

4.04 deltized except around 4.5 1 19<4' 
central void 

4.5 deltized 4.5 - 20 2 1.7 

( 2 ) 

Ul 
i 

(1) Standard deltizing treatment 2 - 3 days at 800° C; 
but free U would be present because of low Si 
content. 

(2) Specimen shattered at one end. 

(3) Average value based on average area; the gas 
evolution indicated an initial rate of 540 mg/cm2 h 
quickly decreasing to 75 mg/cm2 h and more slowly 
to 30 mg/cm2 h. 

(4) The overall average value; from dimension changes 
the central void rate was estimated to be about 
570 mg/cm2 h and the outer sheath rate < 1 mg/cm2 h, 
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Figure 9 

Delta heat treated U-4.0 wt% Si alloy pellets after 
exposure in 300°C water showing loosely adhering 
oxide and some pitting on long exposures. Data 
on the specimens is given below: 

Specimen No. Time of Remarks 
Exposure 

.(h) 

M-53 4.5 Free U around central void 
M-52 64.0 Interconnected free U through-

out 
M-54 89.0 Free U not detectable 
M-55 85.0 Traces of free U widely 

scattered (Specimen M-52 
reheat treated) 

M-56 85.0 Free U not detectable 
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M- S 2 

M-55 
Figure 10 

The same specimens as shown in Figure 9 following 
a 10% H 20 2, 10% Na2C03 wash to remove adhering oxide. 
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Sheathed U3Si 

Uranium métal corroded much more severely when 
sheathed than when bare but the same was not true of 
U3Si. Â defected specimen of sheathed deltized U3Si exposed 
for 21 runs totalling 39 days showed only low rates 
of increase in weight and diameter and these ratés 
decreased after 160 hours to one-third their initial 
values (Figure 11). The weight gains, expressed 
as per cent.of the expected weight gain if the full 
surface area of the core were corroding at 1.8 mg/cm2 h 
(and no material was lost), were 65% initially decreasing 
to 25% for a weighted average of 30%. The sheathed 
specimen was sectioned near the defect hole and the 
corroded core diameter measured. This figure gave 
a corrosion rate of 0.4 mg/cm2 h or about 20% of the 
normal rate. 

Lengthwise sectioning of half the specimen revealed 
the width of the U02 corrosion; layer was uniform along 
the length ând slightly narrower across the end of 
thé specimen. There was no area of apparently higher 
corrosion rate which could have raised the average 
above the value obtained by measurement at the cross 
section. The errors involved in the weight increase 
estimate and the linear measurements estimate of the. 
corrosion rate would be large, but as both figures 
suggest a negative loss of U02 from the defect hole, 
it is likely the actual loss was rather small. 
The cross section of thé fuël at the defect (Figuré 14a) 
lends support to this idea. The U02 bridges right 
across the defect and the U 3Si has not suffered greater 
attack.opposite the defect as it would have if loss 
of U02 in this area had permitted ready access of 
water. When sectioned longitudinally the U02 came 
loose from the^ Zircaloy-2 sheath but remained 
bonded to the U 3Si core. Evidentally water could 
travel easily all around the outside of the U02 
layer but had difficulty penetrating through this 
dense layer. 

Sheathed As-Cast U-Si 

Although the as-cast U-3.9 wt% Si corrodes at about 
400 mg/cm2 h there is a possible advantage in using 
it. The 4% shrinkage which occurs during deltizing 
could offset the initial irradiation induced swelling 
if the deltizing occurred at reactor operating temperature. 
For this system to be acceptable two things must be 
proved : 
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(a) that adequate corrosion protection can be given 
in the interval before deltization occurs in 
the reactor 

(b) that the as-cast material will deltize in the 
reactor and that this action will decrease the 
external swelling of the fuel. 

The simplest concept was tested first - that of a 
simple sheath. In a 300°C test of a defected sheathed 
as-cast U-3.9 wt^ .Si specimen severe damage occurred 
in 12 minutes . (Figure 12). Alternatives suggested 
for giving sufficient corrosion protection for this 
initial period were partial deltization of the full 
specimen or complete deltization of the surface layer 
(by different Si content, heat treatment, or grain 
size in the surface layer). However, considerable 
effort would be required to develop such a fuel so 
a check on the possible advantage of its irradiation 
behaviour was cçnsidered advisable first. The reactor 
loop available operated at 230°C, so tests to assess 
the suitability of sheathed (defected) as-cast 
material for ä reactor loop test were run at this 
temperature. A five minute delay was postulated 
between detection of a defect and shut-down of the 
reactor. 

In the first 230°C test a rupture was suspected 
almost immediately so the run was terminated after 
9 minutes. However, since no real damage was apparent 
(there was a weight gain of 60 mg and diameter 
increases up to 0.001 cm) the specimen was retested. 
This time a rupture was detected after a further 
7 6 minutes exposure and slow cooling* was begun after 
81 minutes. The gas evolution (Figure 13) showed 
10.6 g of U had corroded. This should have given a 
weight increase of 1.5 g but there was in fact a weight 
loss of 1.3 g, indicating that about 2.5 g of U 
escaped from the split shea:th (Figure 12) . Uranium 
analysis of the loop water showed the defect could 
have been detected prior to the major rupture 
occurring (see below). 

* Equivalent to X-5 loop cooling, Appendix II, 
Table II. 
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Defected sheathed as-cast U-3.9 wt% Si specimens after exposure in pH 10.4 water 
Specimen M-37 12 minutes exposure at 300°C (defect at 180° to split). Specimen 
M-42 90 minutes exposure at 230°C (defect hole just visible at midpoint of lower 
edge of specimen, 90° to split, 180° to main bulge). 
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URANIUM RELEASE FROM A DEFECT 

Fission gas release is expected to be less from metallic 
or metal-like fuels such as U or U3Si than from the 
current ceramic fuel (U02)• The signal from a defect may 
well be limited to the fission products associated with 
the U actually released from the fuel sheath. In an 
effort to get some idea of the rate of uranium release, 
and its change with time, water samples were taken down-
stream of the fuel in some corrosion tests. Great dif-
ficulty was experienced in obtaining representative sam-
ples from the low concentration in loop water of solids 
released from corroding U3Si. Even though the loop had 
been decontaminated with Meservey's solution* prior to a 
run with the defected sheathed U3Si specimen (previous 
exposure 35 hours in 20 runs) the background level varied 
two orders of magnitude and changed little when the fuel 
was valved in until thermal cycling was begun. Continuous 
samples (a low flow rate taken over a long period) in 
general showed higher values and a little less variation. 
The average and standard error of both the spot samples 
and the continuous samples (Table II) show only that 

(a) there is a very low, if any, release of U from the 
fuel 

(b) there is probably some release during thermal 
cycling. 

This means monitoring in a power reactor for a defect in 
a U 3Si fuel element may be difficult. A more sensitive 
test, such as an actual defect test in a reactor loop, is 
necessary to determine the nature and size of the signal 
obtained from a U 3Si fuel element. Further testing might 
be needed to show how this signal could best be detected 
in a power reactor. 

With the defected sheathed as-cast U-3.9 wt% Si specimen, 
on the other hand, U release to the water was easily 
detected. It varied with time but ranged between 10 and 
100 mg/h. 

* 0.4 M oxalate, 0.16 M citrate, 0.34 M H 20 2 , 
adjusted to pH 4 with NHit OH at 85°C to 95°C. 



TABLE II 

T i m e O ) 
( h o u r s ) 

RELEASE OF U FROM DEFECTED SHEATHED U3Si SPECIMEN M-21 

ANALYTICAL DATA 

Condition 

SPOT SAMPLES CONTINUOUS SAMPLES 

No. of Average Value No. of Average Value 

Samples (ug U/l ) Samples (ug U/l ) R e m a r k s 

-31 to 0.0 

0.0 to 1.25 

-1 to 0.0 

0 to 90 

90 

90 to 96 

Background 

Run 

Difference 

Background 

Run 

Difference 

Run 

Run 

Difference 

( 2 ) 

12 

6 

11 

0.5 è 0.8 

0.3 è 0.2 

Nil 

0.7 ± 1 

0.2 ± 0.3 

Nil 

919 

5 é 7 

4.3 ± 8 

4 

4 

11 ± 7 

32 ± 32 

21 ± 39 

11 ± 15 

Nil 

6 ± 12 

Loop tripped out 

Net U lost from fuel 

Loop restarted, fuel 

valved out 

Steady loop operation 

Fuel under thermal cycling 

Fuel under thermal cycling 

Net U lost from fuel 

(1) For this run, previous exposure was 35 days in 21 runs. 

(2) Background likely contaminated with residual particles from the 

first short period of operation. 
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DISCUSSION 

U3Si has, under the conditions tested, a corrosion 
rate about an ord«r of magnitude below the maximum 
tolerable for the assumed power reactor system. (See Appendix IV) 
However, the following aspects not covered in these 
tests need to be considered. 

self-heating in the fuel 

the effect of irradiation 

the possibility of a dormant sheathed specimen 
rupturing later as occurred with U metal and 
as-cast U-3.9 wt% Si specimens 

understanding the mechanism with a view to reducing 
the corrosion rate still further. 

Heating in the core will be important since the 
proposed design includes a hole in the centre of the 
fuel and an unbonded sheath. If a defect occurs 
before irradiation-induced swelling has closed these 
openings the coolant may penetrate through to the 
hot core. Data is not available for the reaction 
rate at possible core temperatures but extrapolation 
of the known corrosion rates(3) on an Arrhenius graph 
predicts a hundred-fold increase for a 200°C rise in 
temperature. At 500°C and reactor pressure the 
water would become steam so the steam corrosion rate 
is important. The one reference to this reaction 
is by Isserow(8) who reports that upon the exposure 
of corrosion resistant U3Si specimens (they had survived 
100 days in 260°C water) to 400°C steam for 48 hours 
"substantial parts of these samples were converted 
to sludge". This implies the corrosion was not 
extremely severe at 400°C, but quantitative rates 
should be determined at this and higher temperatures. 

Howe's 7 2 hour exposures of ruptured sheathed U 3Si 
fuel which had been irradiated for up to 1200 MWd/tonne 
u(9) showed both low irradiation and heat generation in 
the fuel had no great effect on the corrosion rate 
of a solid fuel. The effect of higher irradiation 
will have to be checked. 

The sudden large rupture which occurred with the sheathed 
U metal specimens is explained by the mechanism given 
by Troutner (5).. Though the defect hole may be plugged, 
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reaction can continue underneath the sheath, using 
not only the water already inside the sheath, but 
also the corrosion product hydrogen formed. The 
end product, UH3, reacts readily with hot water liberating 
a large volume of H 2, so any break in the sheath 
can result in a vigorous reaction. 

No evidence has been found to show that Ü3Si reacts 
with hydrogen. The defected sheathed U3Si specimen 
exposed for a total of 39 days afforded an excellent 
opportunity for hydrogen to collect far from the plugged 
defect hole (Figure 14a) but no UH3 was found in this 
specimen (Figure 14b). The excellent corrosion resis-
tance of this sheathed specimen which showed only 
slow uniform swelling of the sheath can be attributed 
in large measure to this fact. 

No significant selective attack on either U3Si or 
U3Si2 is shown in a photomicrograph (Figure 15a) of 
the same specimen in an area of maximum oxide thickness. 
However, another area shows cracking of U3Si2 crystals 
(Figure 15b). 

The gross crack on the surface of pellet M-54 (Figure 10) 
after 89 hours exposure was investigated to ensure 
it was not the beginning of the massive cracking found 
in the 3.35 wt% Si specimen (Figure 17). 
The photomicrographs in Figure 16 show the crack was 
probably present at the start as a stringer of high 
density UO2. In most places the crack showed up 
as a layer of porous corrosion product U02 surrounding 
a stringer of higher density (presumably sintered) 
U02 (Figure 16c) similar to that found in unexposed 
specimens. As U02 is corrosion resistant any 
penetration of water could not be by corrosion of U02 
but might be along a crack formed by the different 
rate of expansion of U02 and U3Si upon heating. 
In any case the limited number of cracks means the 
pellet might split apart but is very unlikely to 
crumble to coarse powder. 

The uncertain role of U 3Si 2 in promoting cracking, 
if not corrosion, is also shown in pellet M-54. 
Figure 16d shows layers of U 3Si 2 in the U02 corrosion 
product. This may indicate that U 3Si 2 is corrosion 
resistant, or that portions of it have corroded 
badly. Alternatively the U3Si2 layers might represent 
the fingers of a dendrite, in which case the intermediate 
layers would have been U3Si. There is some evidence to 
indicate that very large U3Si2 dendrites tend to 
promote cracking while small crystals do no harm. 
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Figure 14a i 1 
2000 ym 

Section at defect of sheathed deltized Ü3Si specimen 
M-21 after 21 exposures in 300°C water totalling 
39 days, showing the U3Si core, the U02 corrosion 
layer and the Zircaloy-2 sheath. 

Figure 14b 1 
40 ym 

Enlargement of U3Si edge from above specimen showing 
U02 corrosion products, but no UH3 present. Dark 
portion is U02 with some uranium silicide inclusions, 
the lower white portion is the U3Si-U3Si2 fuel. (the 
etchant to show hydride does not distinguish between 
U3Si and U3Si2). 
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Fig. 15a 10 um 

Shows maximum thickness of oxide 
layer (dark area),(the black area 
is the mounting plastic) and no 
preferential attack of either the 
U Si (white area) or the U 3Si 2 

(light grey area). 

Fig. 15b io jum 
Shows thinner surface layer of 
oxide, but internal cracking of 
large U 3 S i

2 crystals. 

Fig. 15(c) 

Surface after etching with 
Murakamis reagent shows dis-
continuous unidentified white 
layer on the outer edge of the 
base metal. Oxide layer is black, 
U^Si a pale gray, U3 Si2 and the 
unidentified layer arè both white. 

10 Mm 

Fig. 15 Specimen M-35 (4.5 wt% Si) 
after 60 h exposure in water at 
300 °C. 
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2 0 0 0 pm 

Fig. 16a - Exposed pellet M-54 with 
1/8 inch ground off the end with 
the surface crack. 

2000 ym 

Fig. 16b - Exposed pellet M-54 with 
1/4 inch ground off the end 
with the surface crack. 

"'IE/? 

- • •2. TT 
i , Jk... ' «• -

i 

20 ym 
Fig. 16c - An enlargement of the crack. 

The darker grey material is high 
density U0 2, the lighter grey 
material surrounding it is porous 
corrosion product UO2. 

20 ym 

Fig. 16d - An enlargement of the 
crack showing U 3Si2(lightest 
coloured material) through 
and surrounding the darker 
corrosion product U 0 Z . 

Figure 16 

Heat treated U-4.0 wt% Si specimen after 89 hours exposure in 287°C water. 
See figures 9 and 10 for the crack visible on the surface of the specimen. 
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2000 ym Figure 17a 
Cross section of the "unbroken end" (see Figure 6) of heat 
treated U-3.35 wt% Si specimen after 3 hours'20 minutes 
exposure in 300°C Water. 

. . . ^ - ^ 

•'S 

100 ym Figure 17b 
Enlargement at interface between light and dark areas 
of the above specimen. The light background material 
is Ü3Si, the light grey material is Ü3Si2, the medium 
grey material on the left hand side is U metal, which 
on the right hand side has been converted to the darker 
grey material, U0 2. The black is porosity. 
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The poor corrosion resistance of as-cast or poorly 
deltized U-3.8 wt% Si results from the presence of 
either U metal or U 3Si 2 and for extremely long expo-
sures both have been said to be detrimental(8). 
However, these tests show U metal is the chief cul-
prit. Deltized U-3.35 wt% Si, containing excess U 
metal phase, corroded severely; but U-4.5 wt% Si, 
containing excess U 3Si 2, gave corrosion resistance 
over a 20 hour period equal to that of stoichiome-
tric Ü3Si. The photomicrograph of the corroded U-3.35 
wt% Si specimen (Figure 17) is also a fairly conclu-
sive proof that only the U metal and not the U3Si2 
reacted. 

While the general outline of the corrosion of U3Si is 
known much more statistical data related to manufac-
turing -procedure , heat treatment, and where possible 
per cent of each phase present would be most useful. 
This can best be done by keeping careful records of 
corrosion tests on production batches of U3Si. The 
current tests were part of a larger program requiring 
a loop facility, but the production tests could be 
done more easily and cheaply in a static autoclave. 

Our understanding of the mechanism of U-Si alloy cor-
rosion is limited to the above, namely 

no UH3 formation occurs 

the presence of free U metal increases the rate 
drastically 

U 3Si 2 corrodes at about the same rate as U3Si over a short period. 

However, further observations of corroded pellets are 
worth noting although no firm conclusions on the mech-
anism involved can be given. 

An intermittent unidentified white layer has been found 
under the oxide film on a number of samples. Figure 15c 
shows the maximum thickness, obtained (approximately 4 
microns) in a 4.5 hour exposure of a:U-4.5 wt% Si speci-
men. This layer appears much the same colour as the 
U3Si^ crystals, however a microprobe analysis of two 
specimens revealed it had a higher silicon content than 
U 3Si g. Preliminary estimates place the silicon content 
at 22 ± 2 wt% (USi2 contains 19.0 wt% Si). 
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Some corroded deltized Ü3Si specimens, including the 
U-4.5 wt% Si specimen, have shown small pock marks. 
They are little cone shaped pieces partially lifted 
out of the main surface, or the pits left by pieces 
completely removed. A microprobe analysis was made 
to see if the nature of these inclusions could be 
determined. The results showed a very slight increase 
in the concentration of W, Lu, Er, and in one case 
Sn (Table III) at the inclusion. Also the Si content 
was higher. 

CONCLUSIONS 

From the corrosion viewpoint U 3Si makes an excellent 
high density fuel: 

(a) The corrosion rate is less than 2mg/cm2 h in 
300°C water at pH 10 (LiOH or NH40H). 

(b) While reliable data is not available the corrosion 
rate is not expected to be appreciably greater 
in steam or following irradiation. 

(c) U 3Si does not react with corrosion product 
hydrogen to give UH3 with resultant rapid blistering 
or rupture of the sheath. 

The corrosion resistance of a particular U-3.6 - 4.0 wt% 
specimen is directly related to its free U metal content, 
which depends upon all heat treatment aspects of its 
manufacture. 

A static autoclave facility should be set up for 
corrosion testing of production U3Si. The effect 
of changes in manufacturing procedure, heat treatment, 
etc., on the proportion of each phase present and 
on the corrosion resistance could be established along 
with a more detailed correlation between the two. 

The corrosion of U 3Si in higher temperature water 
and/or steam should be investigated. Work already 
underway on in-reactor defect tests to check the 
effects of heating in the core and irradiation must 
be continued. 
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TABLE III 

MICROPROBE ANALYSIS OF POCKS ON CORRODED U-3.97 wt% Si 
AND U-4.5 wt% Si 

Element Matrix Periphery of Pock Mark Centre of Pock Mark 

W nil 0.3% 0.1% 

Lu nil nil 0.1% 

Er 0.1 0.1 0.2% 

Sn 0.1 nil nil (most cases) 
0.8 (one case) 
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APPENDIX I 
TABLE I 

CORROSION RATES OF UNSHEATHED SPECIMENS 

Corrosion Rate (mg/cm3 h) RYDnsnrp 
Cleaning Time Metal Weight Gas Best Value Temperature 

Specimen No. Run No. Material Heat Treatment Aqent (h min) Loss Loss Rate (Metal loss) (°C) 

P-l F-l U _ . 25 5,200 285 
P-3 F-2 U - A - 10 3 ,460 3,450 3,500 3,500 282 
P-4 F-4 U - - - 10 4 100 - 2,500 4,100 296 
P-5 F-5 U - - - 8 4 ,100 - 4,500 4,100 298 
M-27 
M-31 k ' 

F-43 U-3 35% Si 48 h at 800°C C 1 
2Ô<2» 

13 .6 - 24 • 140 up 299 M-27 
M-31 k ' F-55 U-3 35% Si 48 h at 800°C - 3 2Ô<2» - - 7-100 > to 2 h 298 
M-14 F-l 5 U-3 9 % Si as-cast A - 11 440 270 280 400 295 
M-17 F-21 U-3 9 % Si 144 h at 796°C in vac capsule^ B - 30 1 .6 - 296 
M-17 F-23 U-3 9 % Si furnace cooled, 42 h at 800°C A 2 24 2 .6 - 1.8 300 
M-17 F-24 U-3 9 % Si in vac furnace, furnace cooled C 18 0 1 8 

?3) 
-

1 295 
M-52 F-89 U-3 98% Si 72 h at 800°C - 64 - 70 

8 
?3) - 540-30 295 

M-55 F-92 U-3 98% Si a repeat 72 h at 800°C on M-52 - 84 36 2 .1 1 2 - 289 
M-53 F-90 U-4 04% Si 72 h at 800°C - 4 30 18 .8 6 8 - 2.0 290 
M-54 F-91 U-4 04% Si 72 h at 800°C - 89 - 1 .9 1 2 - 287 
M-56 F-92 U-4 04% Si 72 h at 800°C - 84 36 1 .8 1 1 - 289 
M-3 5 F-61 U-4 5 % Si 48 h at 800°C - 4 30 - - 0. 14 1 1.7 297 
M-36 F-73 U-4 5 % Si 48 h at 800° C C 20 - 1 .7+0 .6 - - / 300 

(1) Specimen M-27 after corrosion layer was removed by centreless grinding. 
(2) Extensive cracking of specimen occurred in this time. 
(3) Average value based on average area of specimen. 
A 8 N HNO3 for 3 minutes. 
B 4 N HN03 
C 10% H a0 2 , 10% NajCOa 
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TABLE II 

SHEATHED SPECIMENS 

Specimen 
No. 

Outer Sheath 

Material Thicknes 
(cm) 

Total Specimen 

Material Diam. 
(cm) 

Weight O.D. 
(g) (cm) 

Defect 
Weight Diam. Depth 
(g) (cm) 

Total 
Time 

Temp. at Temp. 
(°C) (min) 

Operating Conditions 
Time after 
Rupture 
Detected Cooling 

(min) Cycle 

M-l Zr-2 0 . ,0635 U - 195 2 .05 236 0.051 to U 297 14 - Fast 
M-2 Zr-2 0, .0635 U - 196 2 .12 236. .2 0.051 to U 294 15 - Fast 
M-3 Zr-2 0. .0635 U - - 236. .2 0.051 to U 290 5 - Fast 
M-42 Zr-2 0, .066 U-3.9 % Si as-cast 5.02 160 1 .822 - 0.051 to Ua Si 228 9 5 Slow 
M-42 Zr-2 0 .066 U-3.9 % Si as-cast 5.02 160 1 .823 - 0.051 . to U3 Si 232 81 5 Slow 
M-37 Zr-2 0. .038 U-3.9 % Si as-cast 4.60 194 2 .035 - 0.051 to U3Si 295 12(4) 56,115 

- Fast 
M-21 Zr-2 0 .043 U3Si deltized 1.433 - 1 .531 132. .16 0.051 to U 300 

12(4) 56,115 - Fast' 

Post Run Data 
Weight U Equiv. U Recovered Fuel Total Orientation Max. Initial 
Change in of Gas in Test Expansion Max. Area of of Major Area of Flow 

Specimen Specimen Released Section Max. Min. No. of Width of Ruptures Rupture from U Reacting Rate 
No. (g) (g) (9) {%) (%) Ruptures Rupture (cm3 ) Defect (%) (m/sec) 

M-l -50 10.3 _ 12 2 U ) 
(1) 11.8 U' 

_ 9 _ 0 9(2) 

l'.7<2> 
150 100 0.38 

M-2 -49 7.2 -

12 2 U ) 
(1) 11.8 U' - 3 -

0 9(2) 

l'.7<2> 180 100 0.35 
M-3 + 0.07 0.3 - - - 0 - - - 35 0.35 
M-42 + 0.06 0.2 0 0 a ( l ) 25.4 

0.06 . 0 -
_90(3) 

- 0.19 
M-42 - 1.26 10.6 0.6 

0 a ( l ) 25.4 0.77 > 0.21 °"9 (2) 0.43 
_90(3) 

- 0.19 
M-37 -24.3 1.8 16 8.5 1.1 > 0.15 °"9 (2) 0.43 180 - 0.38 
M-21 + 1.498 - - 5.5 5.5 0 - - - - 0.14 

(1) Restrained by flow tube - tight fit 
(2) Plus one end cap off the sheath 

(3) Main bulge at ISO . 
(4) A total of 21 runs. 

€ 
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w t % Si 
Specimen No 
Supplier 
Batch No. 

Al (ppm) 

C (ppm) 

Cr (ppm) 

Cu (ppm) 

Fe (ppm) 

Ni (ppm) 

APPENDIX II 
TABLE I 

IMPURITIES IN BATCHES OF U-Si ALLOYS 

3.35 3.9 3.98 4.04 4.5 
M-2 7, M-31 M-17, M-21 M-52, M-55 M-53, M-54, M-56 M-3 5, M-36 
U K A E A ^ UKAEA EMR ̂  ^ EMR EMR 

JB 9 05 Bar H JB 9 06 Bars 3, 4 Heat 193 Rod 3 Heat 196 Rods 8, 11, 8 

460 1,100 32 16 low 

>1,000 - - 380 

16 16 

16 

200 535 95 75 low 

32 32 

(1) United Kingdom Atomic Energy Authority 

(2) Eldorado Mining and Refining Limited 

oo 
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APPENDIX II 
TABLE II 

COOLING CURVE FOR X-5 LOOP 

U Corrosion Rate at 
Time Temperature Cooling Curve Temperature 
(min) Cç) (mg/cm2 h) 

0 230 830 

1 225 740 

2 215 510 

3 203 330 

5 185 170 

10 156 50 

15 135 18 

20 122 9 

30 105 4 
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APPENDIX III 

Apparatus 

All of the corrosion tests were carried out in the once-
through high pressure water system designated 250-H-2 Loop. 
A simplified flowsheet for this system is shown in Figure 1. 
The feedwater to the system is the building déionized 
steam-condensate repurified at the loop by passage through 
a mixed bed resin, a thallium metal column for removal of 
oxygen and the cation column for removal of the thallium. 
Lithium hydroxide or ammonium hydroxide solutions and 
hydrogen gas are then added continuously to give the 
desired concentrations. The system is pressurized by a 
Hills-McCanna single-stage reciprocating pump, but the pulsations 
are dampened out in the helium pressurized surge tank. 
Stainless steel filters remove any remaining solids before 
the water is heated by passage through a steam heater, a 
heat exchanger, and automatically controlled electric 
heaters. Flow is normally through a by-pass around the test 
section until steady conditions are reached. The fuel test 
section (Figure lb) is a horizontally mounted 15 in. length 
of 1 in. pipe which takes a fuel specimen 0.8 in. diameter and 
up to 6 in. long. The 0.050 in. annular spacing around the 
fuel is similar to that for the reactors but at the normal 
flow rate of 1.3 litres/min. the coolant velocity is only 
1.2 ft/s compared to 20-30 ft/s for reactor coolant flow. 
A 3 in. diameter autoclave (full velocity of 0.023 ft/s) used 
as a settling chamber in the earlier runs was removed when it was 
discovered that the filters could handle all solids carried 
that far. The loop water is cooled by passage through the heat 
interchanger and cooler before reaching the Millipore filters. 
This filter is by-passed automatically when a pressure drop 
of 600 lb/in^ is reached. One stainless steel filter is 
always in the circuit to remove any solids which might block 
the fine annulus in the Annin valve which controls the loop 
pressure. The depressurized water is fed into an inverted 
gas collection vessel where the liquid level is measured by 
a capacitance meter and recorded. When the vessel becomes 
full of gas, vacuum is automatically applied, refilling the 
vessel with the loop water. The water outlet from this unit 
goes to the storm sewer. 

The fuel specimen may be cooled rapidly by by-passing the 
feedwater around all thé heaters directly to the test section 
and supplying cold water to a cooling jacket around the test 
section. The loop may be decontaminated by pumping a decontam-
ination solution backwards through the loop and out to drain. 
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Procedure 

The procedure for all runs, unless specified otherwise, was 
as follows: with the fuel test section on by-pass the loop 
was brought to steady conditions at 300°C, 1750 lb/in2 

pressure, pH 10 - 10.4 and hydrogen flowing at a steady 
value above its solubility at the conditions in the gas 
collection vessel (15 psia 45°C). The test section was then 
valved in. The temperature rose quickly to within 25° of 
its steady value and reached it within 10 - 15 minutes. 
The average of the inlet and outlet temperatures from the 
test section was taken as the fuel temperature. The run 
continued for the desired time or was terminated early if 
vigorous gassing occurred. In either case, rapid cooling 
was used to ensure that the fuel would not corrode further 
at the different temperatures encountered during cooling. 
Within one to two hours the specimen was removed, rinsed with 
water, dried with acetone and weighed, giving the post-run 
weight. Sheathed specimens were then vacuum dried for a 
minimum of 16 hours to remove water from inside the sheath, 
giving the dry weight of the specimen. Bare specimens 
were given à chemical wash to remove the oxide film then 
reweighed giving the cleaned weight. 

The true corrosion rate of a specimen is determined from the 
weight of metal converted to the oxide. Though the term is 
often used to refer to the weight lost during corrosion, 
in this report the term "corrosion rate" will be used only 
to refer to the metal loss as determined from the cleaned 
weight of a specimen. Where it was not possible to remove 
the oxide film the post-run weight will be used with the 
modifying term (wéight loss) added after the term "corrosion 
rate". The corrosion rate determined from the volume of 
hydrogen collected, assuming the stoichiometric amount was 
released, will be referred to as the corrosion rate (gas rate). 

The cleaning solution used initially was 4 N nitric acid. 
Later this was replaced with a mixture of 10 wt% sodium 
carbonate, 10 volume % hydrogen peroxide. 

Towards the end of the series of tests, samples were taken 
of the water downstream of the test section and analysed 
colorimetrically for uranium. To obtain greater accuracy for 
some tests the loop was decontaminated prior to use with 
Meservey's solution (AECL-2279). This solution is 0.4 molar 
oxalic acid, 0.61 molar diabasic ammonium acetate and 
0.34 molar hydrogen peroxide adjusted to pH 4 with ammonium 
hydroxide. 
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Sampling of the effluent from the test section, particularly 
as it was likely to be a slurry, was complicated by the long 
line required to reach from the high pressure area to the 
operating area. All spot samples were taken at the fastest 
flow rate possible without reducing the loop pressure excessively. 
Two hundred ml of solution was drained out and discarded 
before taking the sample. For the continuous samples taken in 
the final runs the sample line was left running at a slow 
flow rate for the full period between spot samples. In 
this case the rapid flush of the line prior to the spot samples 
to remove any settled solids was added to the continuous 
sample bottle, or sent as a separate sample. 
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APPENDIX IV 

Tolerable Fuel Corrosion Rate 

A low level of contamination in a reactor system is 
desirable for many reasons including ease of maintenance 
of out-reactor components. However, the limiting factor 
which determines the amount of contamination that can be 
tolerated is the fuel mpnitoring system. A low background 
level permits detection of a small increase in activity 
in one fuel channel over that in adjacent channels. The 
smallest amount detectable depends on details of the 
reactor design as well as on the rate of release of F.P.'s 
and uranium, so it is impossible to define clearly for a 
future reactor concept the release required to detect a 
failure or the background value that would prevent it. 
However, the assumed normal system background of 0.02 |j,g 
U/cm3 (10) amounts to about 2.5 g U total in the Douglas 
Point reactor system and it has been estimated (11) that 
just a few multiples of this level would make the current 
delayed neutron monitoring system insensitive. Therefore 
we arbitrarily decided to limit the tolerable release per 
failure to 2.5 grams. As we assumed that it would require 
a half hour to detect a failure, and that the fuel 
element could be removed with on-power fueling in four hours, 
the maximum amount of corrosion that could be tolerated 
became 2.5 g U in 4.5 hr. 

To translate this release into a fuel corrosion rate we 
considered two possible types of fuel element failure. 
Firstly, in a fuel element with a bonded sheath (either a 
manufactured bond or a mechanical bond obtained by expansion 
of the fuel upon irradiation against the sheath) either 
the sheath may split exposing a small area of fuel or the 
fuel element could break in two exposing 3 cm2 for a 1.4 cm 
diameter fuel. The 2.5 grams would be released in 4.5 
hours from such a break for a fuel corroding at 190 mg/cm2 

h. When U3 Si was found to have a rate well below this (2 
mg/cm2h) the time allowed for removal of the fuel was 
extended to 24 h (this reduces the allowable rate to 35 mg/ 
cm2h). 
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Secondly, in an unbonded-sheath fuel element any small 
defect will allow access of water to the full surface area 
of the fuel. But while the full fuel will corrode a test 
showed that very little of the corrosion product escaped 
from the sheath? in fact, the oxide limited access of water, 
reducing the effective corrosion rate of the fuel. 



A d d i t i o n a l c o p i e s of th is d o c u m e n t 
m a y b e o b t a i n e d f r o m 

S c i e n t i f i c D o c u m e n t D i s t r i b u t i o n O f f i c e 
A t o m i c E n e r g y of C a n a d a L i m i t e d 

C h a l k R i v e r , O n t a r i o , C a n a d a 

Pr ice - $ 1 . 5 0 p e r c o p y 

3 8 6 3 - 6 8 


