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ABSTR<\CT

Two Zirca1oy-2 clad specimens containing stoichiometric U02
pellets were irradiated in a pressurized water loop for
379 hours at heat ratings sufficient to cause central melting
of the 002 , There was no appearance of localized overheating
or accelerated corrosion of the sheath, but the diametra1
increases were considerably larger than those observed in
loop specimens irradiated at lower heat ratings. The length
increases, however, were approximately the same as those
measured for specimens at lower ratings.

There was a clearly visible demarcation between U02 that had
been molten and that which had not. The value of

~~~ckde = 74 ± 3 W/cm was essentially the same as that

obtained from the short-duration tests in the Hydraulic Rabbit,
indicating there is no marked decrease in thermal conductivity
of the U02 fuel in irradiations up to 379 hours.

Chalk River, Ontario
August, 1961
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INTRODUCTION

A proposal for the X-2-x test was issued by Robertson
(1): U02 specimens were to be irradiated in pressurized water at
sufficiently high heat ratings to produce central melting of the
fuel. The following paragraph, taken from the proposal, gives
the reason for the irradiation.

"Nuch of our knowledge of temperatures in operating
U02 fuel elements stems from the observations of melting in the
Hydraulic Rabbit specimens (2). These have provided values of

the integrated thermal conductivity to melting..{Tn;.dQ'~ and have
s

shown that t~e integral does not vary appreciably for uurations
of irradiation varying from 3 to 40 minutes. It is now desirable
to observe melting in a loop specimen for two specific reasons,
viz. 1) to contrast the appearance and metallography of U02 that
has been molten with those of sintered U02 that has been held at
"grain growth" temperatures for prolonged periods. At present we
must argue that loop specimens exhibiting columnar grain growth
and central voids have not been molten because of differences
from Hydraulic Rabbit specimens which had been molten for only a
few minutes, 2) to determine whether the integrated conductivity
to melting, and hence probably the conductivity, varies appreciably
as irradiation proceeds beyond the present limit of 40 minutes."

FABRICATION OF SPECI}ng~S

The fuel elements were fabricated, assembled and tested
by the Fuel Development Branch of A.E.C.L. The specimens were
originally planned for irradiation in another test; complete
assembly, testing and pre-irradiation date were recorded by Watson
(4). However, after their fabrication was completed it was found
that the stainless steel screw-in ball connectors led to increased
corrosion of the end cap under the connector. Therefore, the
connectors were replaced by solid Zircaloy-2 balls welded into
the end plug. This modification necessitated vapour blasting and
re-autoclavlng of the specimens, followed by leak test1ng. Details
of the final elements, as reported by Hizzan and Craigie (5), are
given in Table 1 .

" k is the thermal conductivity of U02 at temperature Q. Tl and
T2 are the temperature limits of integration. Subscripts s, g,
m and 0 are applied to represent the temperature of the surface,
just discernible grain growth, melting and the central axis
respectively. The use and derivation of the integral have been
described elsewhere (3). For ease in typography the integral
will be written K(Tl' T2)'
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During the reactor shutdown of September 30, 1960 the
two specimens were installed in the X-2 loop at the positions on
either side of the centreline of the thermal neutron flux. The
irradiation proceeded without incident and the specimens were
removed according to schedule on October 16, 1960. During the
irradiation period the conditions of the loop were as follows:

Pressure 98.3 kg/cm2 (1400 Ib/in2 )

Saturation Temperature 3090 C (5880 F)

Water Inlet Temperature 2500 c (480OF)

Water Outlet Temperature 263°C (505OF)

Main Loop Flow Rate

pH

Oxygen Content

Operating Time

Thermal Cycles

Loading Position

HEAT RATINGS

0.631 lis (10 USgpm)

9.5 - 10.5 maintained by LiOH resin

Below 0.1 ppm

379 h at full power

3

Specimen MM was above the centreline
Specimen MP was below the centreline

From the heat ratings of the X-2-r test (6) and from
the expected thermal neutron flux in the X-2 loop, it was
calculated in the proposal that the X-2-x specimens would have
a linear heat output of 1150 W/cm at the position of maximum
flux in the loop. Such a rating would be equivalent to a value
of K~s' TJ = 79 W/cm, which, from observations on Hydraulic
RabbIt specimens (2), should produce central melting in the U02.

The actual heat ratings, given in Table 2, were
determined from calorimetric measurements made once per shift
during the test. From the temperature increase and flow of the
loop coolant it was calculated that the time-average output of
the two specimens was 34.5 kW ! 3%, with a peak value due to
reactor power and moderator height fluctuations of 37.5 kW. To
these figures 3 kW must be added to account for gamma heating
and loss of heat from the loop (7), then the totals reduced by
1.6% because of heat produced in the loop components. Finally,
to account for flux peaking at the ends of each element the

•
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values must be reduced by 2% giving corrected values of 36.1 kW
and 39.1 kW, respectively.

Additional heat rating data were obtained by Hart (8)
from analyses of the plutonium:uranium ratio and the cesium
production in whole 2ellets of the U02' The burn-up of the fuel,
based on 3.69 x 10-22 }llid/U-235 fission (i.e. 199 MeV/fission)
and 3.81 x 10-22 !l'dd/Pu fission, was

•

Specimen Burn-up of Pellet (}nvd/tonne of U)

Cs:U Ratio Pu:U ratio

!11-! 704 + 21 789 + 24-
HP 736 + 22 773 + 24-

Due to the size and construction of the X-2 loop it
has been calculated that of the total heat produced during
fission in the U02 only 182 MeV/fission is released in the fuel
element. Therefore to compare the analytical results to the
calorimetric data it is necessary to multiply the former by
182/199. When this factor was applied to the analytical results
it was calculated that the time-average heat output of the two
specimens was 35.5 + 1.1 kW, compared with the value of
36.1 ~ 1.1 kW derived from the calorimetric measurements. Due
to flux peaking at the ends of the elements, the average burn-up
along the length of the elements was 210 higher than the burn-up
of the centre pellets (9).

..

Cobalt ring monitors, which were located in a groove
in the second top pellet, were removed and their specific
activity determined by Hart (10). From these measurements a
heat rating of each specimen was calculated. In the following
table the data from the monitors are compared to the calorimetric
and burn-up results:
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Cs:U PU:U Calorimetry Cobalt Average

Linear heat
output

time-average 1045 1170 1130 1120 1115
(H/cm) ...

maximum 1220 1220
instantaneous
(I'I/cm)

iTo
T kd9

80.5s time-average 72 77 77 77
(W/cm)

maximum 84 84
instantaneous
(\'1/em)

The fuel surface temperature of the X-2-x element was
estimated to be 500 0 c, assuming a fuel-sheath heat transfer
coefficient of 1.25 W/cm2 °C bll), a thermal conductivity for
Zircaloy-2 of 0.037 cal/s/cm/ C, and a coolant film drop of 300 C
(12) •

POST-IRRADIATION EXAMINATION

General Appearance

The surface of the Zircaloy-2 sheathing was in good
condition with no appearance of localized overheating or
accelerated corrosion. There was, however, a distinct bulge in
each specimen.

Dimensions

Three different diameter readings, taken at 1200 apart,
were made at several positions along each specimen. The location
and results of each measurement are given in Tables 3 and 4.

Three profile traces taken at 1200 intervals were made
by traversin~ each specimen under a dial indicator. The contours
of each specimen are illustrated in Pigurel and 2. The length
of each specimen was also measured and is included on the figures.

..
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Disposition of the Oxide

Each specimen was sectioned with a tubing cutter at
intervals along the length. Near the top of both specimens
there was a large central void in the fuel. The inside of the
void was smooth and appeared to have flowed. Lower down each
specimen the void decreased in diameter and was not noticeable
in a section cut near the mid-point. Throughout the lower part
of the specimens the oxide consisted of a central region in
which the grain structure was not well defined on the fractured
surface. Outside this region were columnar grains which
gradually merged into large equiaxed grains. The outer ring of
oxide consisted of the original small equiaxed grains.

The disposition of the oxide and the measured diameter
of the different zones are given in Figures 3 and 4."

Photographs of the oxide from different cross-sections
along the length are reproduced in Figures 5 to 7. The two
small pieces of oxide shown in Figure 8 had formed part of the
wall of the central void and had broken loose during the cutting
operation. The piece on the left clearly illustrates the smooth
nature of the inside of the void; the piece on the right is
turned over so that the plane of fracture between the melted
and the columnar grain growth regions is shown.

Condition of End Plugs

The interfaces between the U02 pellets and the
Zircaloy-2 end plugs were examined. At the ball end of each
specimen the U02 appeared to have reacted with the Zircaloy-2,
resulting in a loose white deposit and a depression in the
centre of the end plug, as illustrated in Figure 9. At the
socket end of MM there was a slight reaction, whereas there was
no evidence of reaction at the socket end of MP.

The longitudinal section through the ball end plug of
MP, shown in Figure 9, was metallographically examined. The
observations, reported by Parry (14), confirmed that there had
been extensive reaction between the Zircaloy-2 and U02' At the
interface the Zircaloy-2 consisted of large ~-grains, which
gradually diminished in size toward the ball connector, as

* With the low-power stereomicroscope used in examining these
specimens it is estimated that grains of 20 - 25 Am diameter
can be resolved. Polished sections of irradiated U02
exhibiting grain growth have been examined under a hIgh power
metallograph. The diameter of the annulus whose grains were
of this size was in good agreement with that of "discernible
grain growth" derived from the stereophotographs of fractured
surfaces. (13)
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shown in Figure 10. At the position where the ball had been
welded into place there was the typical structure of material
which had been quenched from the/phase region. The fact that
no similar structure was observed near the end caps-fuel
interface, where the Zircaloy-2 must have been above the ~-~

transition temperature, suggests that there was sufficient
oxygen contamination to stabalize the ~structure at high
temperature.

DISCUSSION

Condition of Oxide

The cross-sections of the fuel elements from the
X-2-x test were similar to those observed in Hydraulic Rabbit
specimens in Which central melting had occurred (2) as
illustrated in Figure~ and quite different from the cross
sections of elements in which an axial void and columnar grains
had formed below the melting point of the U02 by migration of
lenticular voids up the temperature gradient, as explained by
MacEwan (15). The differences, illustrated by comparing Figure
12 with Figures 6 and 7, are summarized below:

X-2-x Specimens - Ir~adiated

at High Heat Ratings

Sharp demarcation between the
central zone and columnar
grains.

The interior of the axial void
was smooth with evidence tr~t

the material had flowed.

The axial void is confined to
the top of each element.

Specimens Irradiated at Lower
Heat Ratings

No zone within the columnar
grains,

No evidence of material having
flowed. Void is usually rough,
but smooth voids have been
reported (16).

The axial void is distributed
along the length, and is
usually larger at the ends.

From these differences and from the similarities
between X-2-x and Hydraulic Rabbit specimens irradiated for as
little as one minute it was deduced that central melting of
the uranium oxide had occurred, and that the limit of melting
was the line of demarcation between the central and columnar
grain growth regions, Metallographic examination of another
specimen which exhibited a similar fracture (17) showed that
the demarcation was still visible on polished sections. A
discussion on the identification of central melting is given
elsewhere (18).

The diameter of the melted area was measured at each
cross-section and is given in Figures 3 and 4. Since melting

•
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is not time dependent, the values of K &s, TJ given in Table
2 Here based. on thp maxiru.J..f'l instantaneouz output of the centre
pellets. 7118 diameter of :lisceprlible srain groHth H[cS also
measured, bC.t since gra:tn gro~·Jtl-... is time dependent, the values
of E ~s, 1'_1 Given in Table 2 have been be.sed on the time
average l1.elt't ra,tins of tl1.8 centre pellet.

To make a vali(~ cor~arison of the he~t rating to
produce meltin:;, betHeen Uw ':ydraulic :iabbit and the Z-2-x
elements, it is noccssory to convert the integral values to a
corr,y'lOn fuel surface tW.1peraturer:! taken in this instance at
5000e, by means of a plot of I: LOoe, T] versus T (19). Thus
for three-miDute irradiations in ti.1G B>Tdraulic Rabbit
EP5000C., Tm] '" 7b .:!.:. 3 >l/cm (2) Hith an° additional uncertainty
o .:!.:. 4~ due to possible systematic errors in the constants
used for tho calculations. For the X-2-x elements
K[5o,00e, Tm) '" 74 ~ 3 ',i/cm Hith an additione.l uncertainty of
.:!.:. 3~ due to systematic errors.

The effect of small changes in the duratiorc of
irradiation on the extent of central melting was studied in
the Hydraulic Rabbit by irradiating four specimens for 1, 3,
10 and 40 Plinutes each. The fact that no melting was observed
in the I-minute irradiation Has attributed to the temperature
distribution in this specimen being significantly different
from tr,at of tl-.ernal equilibrium. [In the{other specimens there
was essentially no difference in K Ts ' Tm • The results of
the X-2-x test showed that for an irradia ion up to 379 hours
there is still no signifi carct difference in the heat rating
to produce central melting in pellets of stoichio~etric U02,
indicating that under the conditions of the tests there was
no marked decrease in the thermal conductivity of the 1502 due
to irradiation. This observation appears at first to be in
contrast to Ross's observation (20) of a 25~ decrease in
thermal conductivity of U02 after a similar exposuro to that
of the Rabbit specimens. 30wever, when it is noted that Ross's
irradiations 1,rere at a low ter"perature (less tr,an 5000C), his
measurements made after irradiation at bOoC, and that he
observed considerable annealing of the damage in the range
400 - 10000e, the t~o sets of results are compatible.

From the diameter of discernible grain groHth and
the total heat rating of the specimens, K[5000Cf, T~l WjS
calculated to be 35 ~ 3 W/cm. From a plot of KLOo~ T versus
T (19), this integral value would give an upper temperature
of 1725 ~ 500c. HacEwan (21) has studied the grain-growth
cr,aracteristics of one specific batch of U02' and, from that
work, discernible grain growth in the X-2-x elements would be
expected at a temperature of 1650 .:!.:. 500c. Furtr.er Hork has ShOl-ln
that in different batches of U02' produced by nominally the
same process, there can be a variation of about ~ 1000C in the
temperature required to produce a specified a~ount of growth.
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Thus the slight temperature differences quoted above may be
due to experimental error in the heat ratings and the
measurements of grain growth, or could be due to differences
in the grain growth characteristics of the different batches
of UOZ'

When the specimens were sectioned, it was observed
that the axial void was confined to the top of each element.
If the voids had existed during irradiation, the temperatures
in those sections of the elements would have been reduced, and
hence the amount of grain growth would have been appreciably
lower than that observed throughout the remainder of the
element. Since the grain growth increased at the positions of
the voids it is believed that the voids did not exist during
irradiation but are mainly solidification cavities, which for
specimen t~1 was lIfo, and for t~ 14%, of the melted volume.
From these data, however, it is not at this time possible to
determine the actual change in volume of UOZ on freezing
because of the lack of knowledge concerning several factors:
viz. 1) the amount of creep of the U02 after solidification,
Z) the linear expansion coefficient or UOz at temperatures
just below the melting point, 3) the bulk density of the UOZ
which had solidified from the melt, and 4) the accuracy of
the void measurements.

Sheath Strain

The diametral expansion of the X-2-x elements was
much larger than had been observed in previous loop tests in
which central melting had not occurred (2Z). It is not
possible, however, to state that melting per se caused the
larger expansions, since the higher heat ratings also caused
higher temperatures in the solid portion.

Three Hydraulic Rabbit specimens (2) eXhibited the
same percentage area of melting as the X-2-x loop elements.
In two of these, the total sheath restraint was similar to
that of the loop elements, i.e. 0.066 cm (0.026 in.) stainless
steel of 1.83 cm (0.72 in.) O.D., at 1500 c and under an external
pressure of 7 kg/cmZ (100 Ib/in2 ), compared with 0.048 cm
(0.019 in.) Zircaloy-2 of 2.0 cm (0.79 in.) O.D., at 2800 c and
98.3 kg/cmZ (1400 Ib/in2 ) external pressure. In the third
Rabbit specL~en the wall thickness was only 0.025 cm (0.010 in.)
thick, and hence the restraint was much lower. However, the
three Hydraulic Rabbit specL~ens all exhibited the same value
for the sum of expansion plus diametral clearanceo" which was
a lower p~rcentage of the outer diameter than that observed

0' In comparing the diametral changes, it is considered more
appropriate to compare the SQm of the original diametral
clearance plus the measured expansion than just the expansion
by itself. The experimental justification is given
elsewhere (2).

•
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in the X-2-x elements, as shown in the Table below:

Specimen Sheath Diametral Expansion Clear + %of
Thickness Clearance Exp. O.D.

(in.) (in. ) ( in. ) ( in. ) l1fL
Rabbit KF 0.026 0.012 0.010 0.022 3.0

JZ 0.026 0.004 0.0175 0.0215 3.1

PF 0.010 0.017 0.0055 0.0225 3.1

X-2-x }l!1 0.019 0.004 o. 0265'~ 0.0305" 3.7

}!P 0.019 0.004 0.031 ~:. 0.035 " 4.25

Although the results apparently show the diametral
expansion to be greater in the loop specimens, the significance
of the difference is not established. Observations made on
the Rabbit specimens showed that the expansion plus diametral
clearance did not depend only on the extent of melting (2).

In previous loop specimens (22), and in tlw majority
of the Hydraulic Rabbit specimens, the sheath expansion was
essentially uniform around the element. However, as indicated
in Tables 3 and 4, sections of the elements were not round,
but were roughly elliptical with the magnitude and direction
of the ellipse's axes varying along the length. These observations
suggest that the sheaths collapsed under the external pressure,
but whether this occurred at power or during a shut-down has
not been determined.

The length increases were of the same magnitude as
those observed in specimens irradiated at much lower heat
ratings. This gives support to the suggestion made previously
for Hydraulic Rabbit specimens (2) that when the U02 pellets
are firmly gripped in the sheath the axial elongation of an
element is controlled by the axial thermal expansion of that
portion of the fuel which does not possess appreciably
plasticity. Thus, for specimens in which the heat rating was
sufficient to produce a plastic core, the axial elongation would
be nearly independent of rating, as observed here.

With the techniques available at the time, it was not
possible to obtain a polished cross-section of the uranium
oxide fuel. A section of the sheathing at one of the bulges
was polished, and examination showed the Zircaloy-2 to be in
good condition with no evidence of accelerated corrosion or
increased hydride content at any position. The wall thickness

,~ Average of six readings at mid-point of element.
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1.

was uniform throughout the ring and no evidence of small cracks
were observed (23).

CONCLUSIONS

1. Zircaloy-2-sheathed elements containing sintered pellets of
stoichiometric U02 were irradiated with a molten core in a
pressurized water loop for 379 hours and withstood 3 thermal
cycles without failure of the elements.

2. There is a clearly visible demarcation between U02 that has
been molten and that which has not, even in specLmens
irradiated for 379 hours.

3. The value of Kf5000 C, Tm] = 74 ~ 3 W/cm was essentially the
same as that oEtained from the short duration tests in the
Hydraulic Rabbit, indicating that there is no marked
decrease in thermal conductivity of the U02 fuel in
irradiations up to 379 hours.

4. The diameter increases of specimens were considerably larger
than those observed in loop specimens irradiated at lower
heat ratings, and also larger than those observed in highly
rated specimens irradiated in the Hydraulic Rabbit.

5. The length increases were approximately the same as those
measured for loop specimens at lower ratings.
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TABLE 1 - Details of Specimens

MM MP
•

Fuel - length ( em) 15.38 15.45
( in.) 6.052 6.090

- density (g/cm3 ) 10.61 10.54
- diameter (em) 1.90 1.90

( in.) 0.747 0.7465
- enrichment wt %U-235 4.6 4.6

in total U
- batch PI07A PI07A
- pellet dishing (em/em length) 0.013 0.013

Sheath - condition Zircaloy-2 supplied by
Accles and Pollock
Batch AZA, in the
annealed condition

- outer diameter (em) 2.00 2.01
( in.) 0.788 0.789

- inner diameter (em) 1.91 1.91
( in) 0.751 0.751

- wall thickness ( em) 0.047 0.048
( in.) 0.0185 0.019

Fuel Sheath diametral
clearance (em) 0.010 0.010

( in) 0.004 0.004

Axial clearance ( em) 0.012 0.015
( in.) 0.005 0.006

• Filling and Welding gas Argon Argon

•
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TABLE 2 - Heat Ratings of Specimens

CRFD-I044

•

Unit Heat Output
in the fuel

Fuel Surface
Temperature

time-average
maximum instantaneous

time-average
maximllm instantaneous

maximluu instantaneous

time-average

1115 U/cm
1220 H/cm

500 °c

77 VI/cm
84 ld/cm

74 + 3 II/cm

35 + 3 H/cm

•

•



0.069
0.027

0.073
0.029

0.056
0.022

0.018
0.007

0.066---
0.026

0.086
0.034

0.069
0.027

0.076
0.030

0.061

0.024

0,020
0.008

0.091

0.036

0.061

0.024

0,020
0.008

0.104
0.041

0.058---
0.023

2.075
0.817

2.019
0.795

2.057
0.810

2.070
0.B15

2.068

0.814

2.070
0.815

2.078
0.818

2.062
0.B12

2.088
0.822

2.022
0,796

2,106
0.829

2.062
0.8/2

2.060
0.811

2.022
0.796

2.093
0.824

TABLE 3 DIAMETER OF SPECIMENS MM

ORIGINAL OUTER DIAMETER ' 1.992 em (0.788 in)

DIAMETER DIAMETER INCREASE

0 0 1200 2400 0 0 120 0 240 0

em em em em em em
in in in in in in

2.02 2.024 2.032 0.020 0.023 0.030
• -- -- --

0.976 0.797 0.800 0.008 0.009 0.012

2.088 2.098 2.096 0.086 0.097 0.094
0.822 0.826 0.825 0.034 0.038 0.037

•

•



TABLE 4 DIAMETER CHANGES IN SPECIMEN MP

ORIGINAL OUTER DIAMETER 2.007 em. (0·790 in)

DIAMETER DIAMETER INCREASE
0 0 1200 2400 0 0 1200 240 0

em em em em £!!! f!!l.
in in in in in in

2.085 2.096 2.080 0.078 0.089 0.073
0.821 0.825 0.819 0.031 0.035 0.029

2.123 £......I..!l. 2.083 Q..:.!J..§. 0.106 0.076
0.836 0.832 0.820 0.046 0.042 0.030

2.108 2.085 2.056 0.101 0.078 0.048
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FIG. 3. DISPOSITION OF OXIDE IN SPECIMEN MM
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FIGURE 5 Top of Central void showing smooth surface

reference 4202 4 X
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FIGURE 6 Axial void in U02 near top of element

reference 4206 4 X

..

FIGURE 7 Appearance of U02 at middle and lower half
of eletne:1t

reference 4243 4 X
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FIGURE 8 Small pieces of oxide removed from the wall
of the axial void

reference 4203 4 X

FIGURE 9 Cross section of end cap showing area of
reaction between Zircaloy-2 and U02

reference 4248 4 X



FIGURE 10 Polished section of end cap showing increase
in grain size of Zirca1oy-2

reference Z 37A9 X 100

~

1 .- .. • •



•

•

FIGURE 11 Cross section of Hydraulic Rabbit specimen
in which the U02 had melted

reference 2525 4 X

•

FIGURE 12 Columnar growth and axial void which had
formed below the melting joint of the U02

reference 1146 4 X




