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SYNOPSIS

Two swaged fuel elements containing crushed, fused UO2
powder were irradiated in a pressurized water loop at high heat ratings
(deOV = 48 w/cm). The fuel elements were 2. 0 cm in diameter and were
sheathed in nickel-free Zircaloy-2 of 0. 038 cm thickness.

One element failed when the sheath ruptured at the top of a

flongxtudmal ridge in the sheath after a burn-up of approximately 2550 MWd/

TeU

No evidence ’was found that outgassing of the UO, contributed

' to the failure. Dimensional and structural changes observed in the fuel

elements led to the conclusion that ridging of the sheath resulted from the
action of coolant pressure on the diametral clearance formed by sintering

- and shrinkage of the UOZ‘ Failure resulted due to severe local deformation

accompanying one or more power cycles following ridge formation.
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Introduction - .: .

15

Earher 1rrad1at1ons of swaged fuel elements. showed that the

o expans1on of thxs type of element was less than that of elements containing .-

sintered UO, pellets at the same heat ratmg(l) - Those tests were performed

'~ in unpressurized water coolant in the Hydraulic Rabbit facility in NRX at

sufficiently high heat ratings to cause central melting of the swaged UO,
(K(Ts s ATO-') =-70 w/cm)*, . - Concurrently, autoclave testing of swaged fuel
elements having thin cladding showed the UO, powder afforded sufficient .- -
support to the cladding to.avoid collapse at reactor coolant pressure-and .
temperature. :These factors-indicated that powder -filled fuel.elements might

-be attractive.in conditions where.sheath deformation could be a. problem with-
- pellet fuel. 3

The present test was undertaken with the object of confirming
the behaviour of elements containing swaged uo, fuel-in thin Zircaloy. claddmg
at h1gh heat ratmgs (K(Ts, T ) = 48 w/cm) in pressurxzed water coolant(3),

Fabr 1catmn of the Elements

Brrar oo o xiew, Lo
L

Two elements des1gnated DAV and DAW were fabr1cated for the
test each was 2.0 cm in outside diameter and had a UO; fuel length of 15 cm.
The sheathmg matenal was nickel free Z1rcaloy -2 of 0.038.cm thxckness

The fabrrcatxon flowsheet is summarlzed in F1g 1. Fused UO
(Batch P 108) of enrichment 1, 96 wt % U-235 in uranium was heated in cracked
ammonia at 1650°C- for two. hours; . a procedure which had been shown to

..reduce the nitrogen content to a’low;value (<.50 ppm). . The heat treated Uuo,

was crushed and screened to providera: -16 mesh powder which.was packed into
Zircaloy tubes (Batch A6, Lot 63) using a pneumatic hammer(4), The packed
tubes were swaged using a 4-die machine through an area reduction of 27% in

2 passes. Each swaged rod provided fuel for one: element the end sections:
of the rod being retained as samples.

* ;MK(T 5 T ) represents fTo K (6) dGr»flor:comienience?'in typography. K-

is the thermal conduct1v1ty of UOZ at temperature 9 subscnpts s, sin, g,
m and o to the limits of integration refer to the temperatures of the surface,
the outer limit of sintering, the outer limit of discernible grain growth, the
limit of melting and the centre of the fuel respectively. For fuel elements
. -of similar. Vmatenal and of the same surface temperature, the integrated
: ’.,conduct_ivity»provides a measure of the temperature at these positions
within the fuel. The derwatmn of this expresswn is discussed more
,fully elsewhere = , IRTAL: R R U SRR
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After welding on vented end plugs, the elements were vacuum:
annealed at 750°C to recrystallise the cold worked structure of the Zircaloy
and to dry the UO,. The vent holes were fmallgr sealed in a helium atmosphere.
Routine dimensional measurements were taken(®); helium leak testing and auto-
clavmg of the completed elements revealed no unusual features.

A summary of fuel element data is given in Table 1. Sheaths
taken from sample sections of the swaged rods showed no defects on micro-
examination. ~ Analysis of the contained UO, gave an O/U ratio of 2. 007,
spectrographically detected impurities (Table 2) totalled some 600 ppm, iron
and molybdenum being the principal contaminants. The volume of permanent
gas evolved from a sample of the heat treated UO, at 1100°C was 0.018 cm3/g
measured at STP,

Irradiation of the Elements

The test was conducted in the X-2 and X-6 loops of the NRX
reactor and was of some 4%'~months duration spread over a period of some 9
months. The irradiation history is summarised in Table 3. During each
period of irradiation, other fuel elements besides DAV and DAW were present
in the loop.

The elements were removed from the reactor twice during the
irradiation and inspected and dimensioned before reinsertion. Results from
these inspections will be discussed later.

When delayed neutron monitors indicated a failure, after

approximately 2550 MWd/TeU burn-up of the fuel, the specimens were removed
from the reactor and ultimately to a hot cell for post-irradiation examination.

Post Irradiation Examination

4.1 General

The defect was located in element DAW (Figure 2) and consisted
of a split following the peak of a longitudinal ridge in the sheath, the edge
of the ridge being visible by the strain marks.(see arrows) on the.:.
oxidized Zircaloy surface. ' -

~ 4,2 Dimensional Changes

, Both elements were measured to determine dimensional changes.
- DAV showed no change in sheath length after irradiation, while DAW had
an increase in length of 0.023 cm. Figures 3 and 4 are plots of -
continuous diameter measurements taken along the full length of each
fuel element, at three angular positions (0°, 120° and 240°) before and
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after: each irradiation cycle. . Figure 5 shows plots of a continuous diameter

. measurement taken around the circumference of DAW after failure at different
distances (e. g.., 1.27-cm) from a cut that was made through it. .These diameters

~were plotted directly in.the upper ;graph and 'then replotted as a longitudinal
trace in the lower graph to augment the diameter.traces in Figure 4 since the
latter did not happen to occur right at the ridge and therefore do not :show the
full extent of the deformation.

These measurements show that some ovality developed in element DAV
after the first irradiation cycle and persisted at subsequent examinations.
There appears also-to have been a net contraction of the element during -
irradiationof 0..002 to 0.005 ¢m.:! Element DAW exhibited about twice the
ovality of DAV in the intermediate examinations and similar contraction..

- After failure, however, DAW had bulged near the ball end. . The‘extent of ..
bulging is illustrated in the lower graph of Figure 5 and shows the maximum
distention occurred at.the mid point of.the defect, about 0.:015.cm averaged

- around the diameter. .The upper graph of . Figure 5 shows the large: single-
lobe -itype of ridge present in the sheath along the length.of the defect,: w1th
smaller double-lobe type rrdges in the- adJacent parts ‘of the sheath. . '~ - . 2

i B

4.3 Results of Cras Puncture Test

The sheath of DAV was punctured under vacuum . a.nd the gas in the
element collected and analysed (See Table 4).

The amount of fission Xenon collected corresponds to about 30% of
~that generated in the irradijation. . . The:amount of helium found is approximately
60% ofthe;calculated,fr,ee»‘volume in-the element at STP before irradiation.'f

B Measurement of. the gas: evolved from an- un1rrad1ated sample of the .
UOZ (See Section :2) corresponds to’ a total volume of 7.7 ¢m3 associated with -
the weight of fuel in element DAYV, .:Less than: 10% of this volume (0. 65 cm3),

cmeasured .as air: .and r.es1duals, was collected from the 1rrad1a.ted element
TN Ba.sed on a. calculated free volume of 4 5 cm3 An the un1rrad1ated
element ‘the total gas collected represents an mternal pressure of less tha.n
4 atm ‘at room temperature »

4.14,;Exammatxon of Fu‘el;CrossﬂSections Ponon G soavintoiroan B
: Both specxmens were: sectroned w;th a tube cutter and the cond1t10n
of the fuel was examined with a.low: power stereomicroscope..: (See ‘Table 5)
Figure-6 is a cross-section of DAW at:the:point of failure, while F1gures 7
and 8 ehow other sections of DAW and DAV respectwely soalanlt el

L Several Cross: sectxons of the fuel elements were. also exammed at.a -
hlgher magmftcatmn after bemg 1mpregnated and polished. - R
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"The cross sections of the irradiated fuel in Figures 6 - 8 indicate the -
extensive structural changes which have occurred. ' A small central void o/
existed in both elements, generally surrounded by regions of columnar grains,
equi-axed grains, some sintered UO; and finally a thin outer 'ring of unchanged
UO;, powder. A central core observed in some sections of DAW, in Figure 7

for instance, was strongly indicative of melting.

Micro-examination of cross sections of the sheath of element DAW s

" showed a structure of heavily twinned grains of a-Zirconium near the failure

and relatively twin-free equi-axed grains of average grain size near 40 pm in
the remainder of the tube. The hydride concentration was generally low with
the exception of one region near the failure in which a:layer of hydride had
formed on the inside of the sheath. (Figure 9). The sheath of element DAV
consisted of twin-free a-Zirconium with few hydrides.

Both sheaths exhibited a reaction layer on their inner surfaces some
6 pm in thickness, penetrated by numerous microcracks. (Figure 10).
Annealing tests on additional samples- from swaged rods indicated that the
layer was oxygen-rich Zircaloy formed by reaction of the sheath with the UO,,
or with water contained in it, during the pre-irradiation annealing of the
elements. The microcracks were transgrannular, indicating they were formed
on cooling after annealing, probably due to restraint imposed on the sheath by
the contained UO,

Determination of Heat Ratings

Owing to the design of the elements, it was not possible to incorporate
cobalt flux monitors over the fuel. Determination of overall heat rating,
K (Ts, To), was therefore made from measurements on flux monitors
incorporated in other elements in the same loop assembly and from a knowledge
of the axial flux distribution in the loop. The results given in Table 6, which
were checked against calorimetric measurements of total heat output from the
loop, are considered to be accurate to £ 10%. They show that the overall heat
rating K (T4, T,) of the elements varied between 35 and 56 w/cm during the
course of the 1rrad1at1on :the differences arising from cha.nges in reactor flux
and specimen location within the reactor

Values of the integrated conductivity to sintering, K (T, Tgin), were
calculated from time average heat ratings for the whole period of the irradiation,
since this phenomenon is time dependent. The value of the integrated
conductivity to melting, K (Ts, T, ), was determined from a peak heat rating
which occurred in element DAW early in the first cycle of irradiation. = These
results were normalized to a fuel surface temperature of 400°C and are. :
included in Table 6. ' The fuel to sheath heat transfer coefficient was assumed
to drop from 1.4 w/cm2 °C at the start of the irradiation to 1.0 w/cm2 °C at the
end; to-allow for dilution of the helium filling gas with fission product gases. \7,
The fuel-sheath contact pressure was taken to be the loop pressure (100 kg/cmz).
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The average values of the integrated conductivity to grain growth

(K (400, Tg) ) were determined using a method due to MacEwan 7) and
assuming the same grain growth temperatures for crushed, fused UO,

as for sintered pellets of UOZ. Other assumptions involved in the calculations

are given in Table: 6

Discus sions

5,1 Faijlure Mechanism in DAW -

. D1mensxona1 measurements at 1ntermed1ate stages of the irradiation
show DAW developed more ovality than DAV and that both elements
contracted in diameter. - After failure, DAW exhibited a severe longitudinal
r1dge and had increased in all diameters: (bulged) near the failure.

Both elements were autoclaved at 300° C and 87 kg/cmZ before
irradiation and exhibited no dimensional changes. It is suggested that
redistribution of porosity in the UO, as the result of sintering and grain
growth (and, in the case of DAW, melting) increased the effective fuel -

.sheath clearance, allowing sheath collapse and the formation of a longi-

tudinal ridge under coolant pressure. It seems likely that the ridge was
initiated on a reactor shut-down when the fuel was cool and contracted.

_ Subsequent start up of the reactor would produce stressing at the peak of
- the ridge and failure in one or more reactor cycles. The reason for

ridge. formation and subsequent failure in DAW and not in DAV is probably
due to its higher heat rating, as evidenced by exammatmn of fuel cross-

: 5’sect10ns, and its" shghtly thmner sheath.

: s Ox1dat1’oh -of thei‘inner surface of‘the sheath and the associated
microcracks are not thought to have been a prime cause of failure since
they occurred also in element DAV. - However, by acting as stress .
raisers, the microcracks probably accelerated the failure.

Buiging of the sheath of DAW could have occurred Pprior to
failure due to internal gas pressure or to expansion of the UO,.  The

~ quantity-of gas found in element DAV indicates that gas pressure was

not the cause. . Since neither element showed any sheath expansion at -

. intermediate - examinations, -and DAV was still stable subsequent to

irradiation, it is suggested the bulging in DAW occurred after failure.

Loop records show that the coolant water flow was continued
for four hours after DAW- failed and the reactor was shut down, Shortly
after the coolant flow was stopped and some water drained from the test
sectlon, there was a sudden increase in activity, indicating further

- . possible rupture. . The loop was then repressurized and loop flow restarted.
It.is suggested _that water entered the element through a small defect on
~the:shut down following the failure.. When cooling was stopped and the
i-coolant pressure removed, decay heating in.the fuel caused a rise in




5.

.2

3

- as it produces shrinkage of the fuel, and the coolant pressure. It may

. element at 750°C before irradiation;  the archive sample was not annealed.
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temperature in the element and evaporated the water present. :Due to the 1
small size of the defect, or to its becoming plugged with loose UO,, - -
sufficient internal pressure was developed in the element by the steam to

. cause bulging and propagation of the defect. It is calculated that saturated

steam at a temperature of about 320°C would exert ‘sufficient pressure
(114 kg/cmz) to plastmally deform a sheath of thin dimensions and of
yield strength 3520 kg/cm (50,000 psi) at that temperature. »

The failure mechanism proposed is related to the fuel element
(and sheath) geometry, the fuel density, the element heat rating in so far

also be related to the number of thermal cycles to which the element is
exposed in its in-reactor life.” No information is available from the
present test to indicate the relative importance of these factors in - -
precipitating failure, nor can safe conditions for operation of this fuel
deS1gn be pred1cted except by usmg a free- standmg sheath

It is felt that the implication of these results is particularly

important for large diameter elements, tubes for instance, where the:

thickness of a free-standing sheath would be unacceptable in most reactor
systems.

Dimensional Changes

The net contraction of 0.1 - 0.2% of diameter observed after
irradiation of element DAV (See Section 4. 2) is to be compared with an
expansion of some 0.5 - 1.0% observed in pellet filled elements at similar
heat rating. (8) Wnhile this behaviour would be valuable in limiting sheath
strain in highly rated fuel elements, the attendant problem of ridge for-
mation and subsequent failure in the powder fuel (Section 5. 1) would
require solution for collapsible sheathing.

Gas Puncture Results

The release of fission gas from element DAV is compared to
releases measured from pellet fuel of different densities over a‘range -

of heat ratings in Table 7. The 30% fission gas release from DAV is -

not mconsxstent with that anticipated from pellet fuel of the same density
(10.0 g/cm ). It.is, however, about twice the release expected from -
typical high density pellets (10 6 g/cm3) at the same heat ratmg

The low amount of residual gas observed on “puncture testing
compared to that found in an unirradiated archive sample of UOj is ™
attributed in part to further outgassing during vacuum annealing of the-

Additional gas may have been released by the UO, during the irradiation ; \»
and readsorbed on cooling. . .The absence of any deleterious effect on the

elements due to fuel outgassing during irradiation can only be associated

with an upper limit on gas content of 0.02 cm3/g.
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5.4 .. Structural Changes in the Fuel.

- crushed, sintered UOZ
.are respectively 13 w/cm and 28 w/cm for this test and 6-w/cm and
.23 w/cm derived from the earlier test. : The discrepancy of some 20%
.. ..between the value for: K (400 ‘T,) may, be attributed to differences in the
o .;;temperature requ1red to produce discernable grain growth in the two
;d1fferent materials, as well as the possible difference.in:their thermal

The observatmn of central meltmg in DAW was correlated w1th a

- peak heat.rating experienced early in the first irradiation cycle to give a

value: of K (400, Tm) 52 w/em. - This is within the error of measurement
of the integrated conductivity to meltmg determined for swaged UO; in
earlier short duration experiments (K (400, Ty,) = 57 w/cm 1), Although a

.. higher overall rating occurred in the last cycle (K (400, Ty) = 56 w/cm), -
- ;melting has been attributed to the earlier power peak for two reasons.
... Firstly, the flux distribution associated with the early peak would cause a
. high rating only in. DAW, consistent with the absence of melting in DAV.

Secondly, the improved thermal conductivity attributed to swaged fuel
which has undergone a period of in-reactor sintering would increase the

... .heat rating required to produce melting as the irradiation proceeded.

Observations of the heat»ratings required to produce sintering and

~grain growth in those specimens can be compared to those found in an

earlier irradiation of com)parable duration on swaged elements containing
The values of K (400, Tg;,) and K (400, T, )

conductivity at lower. temperatures.. - The somewhat greater difference
in the K (400, T;,) values is beheved to reflect in addition the difficulty

of locating the 11m1t of sintering in fuel cross-sections.

6. Conclusions

1.

A long1tudma1 r1dge in the sheath of element DAW resulted from the action
of coolant pressure on the diametral clearance formed by sintering and
shrinkage of the contained UO, fuel.

Failure of DAW occﬁrred at the peak of the ridge due to se'v;ere 51'0651
deformation resulting from sone .or more power cycles followmg ridge

-formatmn

The micrecracks on;the inside of the sheaths of both elements were not the '

- prime cause of failure in DAW but probably accelerated the fa1lure by

actmg as stress ra1sers. DL s el

Failure occurred first in DAW rather than DAV due to the h1gher heat ratmg,

.producmg more sintering and shrmkage of the fuel and thmner sheath of the
former. ‘
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The fission gas release of one powder packed fuel element was similar'to - K
that of pellet filled elements at similar heat ratings and UO, density. o/

Powder-packed fuel elements containing properly degassed UO; exhibit
less expansion than pellet fuel elements ‘under S1milar 1rrad1ation

: conditions

*;

elements, ‘h’a.v'ing a high ratio of diameter to sheath thickne'ss,(SOEl' in this

‘test) and operating at high heat ratings, are afforded insufficient support

by the fuel to prevent sheath collapse and subsequent failure in pressurized

water coolant

Mor-e experiments are required to define the limiting conditions to avoid
fajlure for a particular fuel design.
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DESCRIPTION OF SWAGED ELEMENTS DAV, DAW

TABLE 1~ . e

SHEATH *. FUSED URANIUM DIOXIDE
 Density - | Enrich- | .
Swage o | ment o/u e Diam -
Specimen | Material | Thickness | O.D. | Length | Reduction | Batch | Tap | Final | U-235 in U| Ratio | Length| eter
‘ R (cm) (cm) | (cm) (%) T (g/cm?) (wt. %) | (cm) | (cm)
(0. 004) B |
DAW Zr-2% 0.037 | 2.0 |718.03 27 P108 {9.15|. 9.87| - 1.96 2.007| 15,5 | 1.92
DAV Zr-2% 0.040 | 2.0 | 18.00 27 P108 |9.05| 9.96 1.96 2.007| 15.5 |"1.92
% Nickel free-
 TABLE 2
SPECTROGRAPHIC ANALYSIS OF FUSED Udz _
e BATCH P108 - ST T2
Ag * Be ¥ Cu 2.0 Nb * Ti © 6.0 zr 20,0
Al 15 Bi  * - Fe 350.0 Ni 40 \' * Sr - *
Au  * Ca 30.0 Mg * Pb * W o
B 0.8 Cd <0.3 | Mn 2.0 Si 2.0 Y o
Ba 2.0 Cr 20.0 | Mo 180.0 . 8n * Zn x|

Notes: All values expressed as parts per million of uran‘itir_n fco’ntér_i_t. 5

* looked for but not detected.




LOOP LOADING DIAGRAMS FOR THE FOUR PERIODS OF IRRADIATION

TABLE 3

Irradiation Period
Starting

Loop
Loop Pressure
(kg /cm?)

Inlet Temperature

(°C) o
Outlet Temperature
(°C) T

Flow (1/sec)
Reason for removal

250
£ 200
)
g
Q
8
e}
0 .
3 '%0 Nominal _
o §, of flux
>
Q
»
(o] .
< 100
- .
g,
2 .
(1]
T

50

OF ELEMENTS DAV AND DAW

21 Marc‘h 1962
X-2
99.5
253
268

0.63
Inspection

DAV

DAW

17-'Juiy 1962
X-6
99.5
247

215

0.76
Inspection

24 Sept. 1962
X-6
99.5
240
253

0.64
Element

FJZ added
to string

DMA
DMD

DAV

- DAW

DMC
DMF

22 Oct. 1962
X-6
99.5
253
268
0. 63
DAW

failed

DMA
DMD

DAV

DAW

DMC
DMF
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TABLE 4

~ ANALYSIS OF GAS FROM PUNCTURE TEST

ON "DAV"
Air ; B 16,cm3 : v Fission Xenon. - 9.48 cm3
| Helium | 2.73em3 |  Residual | 0.49cm3
Krypton 1.40 cm> E Total Gas | 14. 26 cm3




TABLE 5

APPEARANCE OF THE SWAGED IRRADIATED FUSED UO, IN ELEMENTS DAV AND DAW

Distance | Diameter | Diameter | Diameter

' from of central | of grain of
o G A

Item Element Ball End void or growth Sintering eneral Appearance

(cm) core (cm) (cm) {cm)

1. DAV 1.9 - 1.2 1. 59 Columnar grains radiating from centre; surrounded
by a small layer of equiaxed grains, sintered UO, &
an outer layer of undisturbed UO,.

2, DAV 9.5 0.2 1.4 1. 66 Columnar grains radiating from a central void.
Remainder as in item 1. '

3. DAV 12.1 0. 17 1.3 1. 68 As in item 2.

4. DAV 15. 2 0.12 1.3 1.62 Columnar gra_ins radiating from much smaller
void. Remainder as in item 1.

5. DAW 2.54 0. 60 1.3 1.72 A centre core with some porosity surrounded by
columnar grains radiating out from the centre.

This in turn was surrounded by some equiaxed
grains of sintered UO, and an outer layer of
undisturbed UOZ' "

6. DAW 4.44 0.5 1.4 1.59 | As initem 5

7. DAW 4.70 0.4 1.4 - As in item 5

8. DAW 5.72 - 1.4 1.68 Possible centre core or void with columnar grains
radiating out from it.

9. DAW 8.55 0.4 1.4 - As for item 5 however, grains are less pronounced.

10. DAW 9.2 0.3 1.3 1. 60 Columnar grains radiating from a well defined
central core which had a small void at its centre.
| Remainder as in item 5. See Figure 7.
11, - DAW ‘14, 6 0.1 1.3 1. 69 Columnar grains radiating from a very small
central void. Remainder as in item 5.

& e




TABLE 6

o}

IRRADIATION DATA(!) FOR ELEMENTS DAV AND DAW

Power (1) | T, 4 | K(400, Tg)| K(400, T, )| K(400,
Period Element Output of |E. F. P. D.| Power Burnup(l) K(:;%I:o); (S c) K(470/(::' To) A/verage wS/cm Ts/in)
Startin € Element 2 Cycles | (MWd/teU >ee w/em | [w/cm.oee ee |\ w
g (kw) (2) V! ( W‘. /teU) Average(l) Section Avé,rag'e( Section Section cm
4.5 | 4.5 4.5
21 Mar. DAV | 10.24 26.08 | 19- 682 50.2 | 383 | 49,7 - - -
1962. DAW | 10.24 » 680 50.2 381 49.7 - 51. 1 -
17 Jaly DAV | 9.30 23.94 | 10 568 45.5 | 377-| 44,9 - - -
1962 DAW 9. 30 ‘ 567 45.5 377 | 44.9 - - -
24 Sep. DAV | 7.24 18.48 | 7 342 35.4 356 | 34.4 - - -
1962 DAW 7. 66 | 362 37.6 358 36.6 - - -
22 Oct. DAV | 11.32 32.10 8 930 55. 6 430 56. 2 - - -
1962 DAW | 11.31 | 926 55. 6 428 56. 2 - - -
Total DAV - 100. 6 44 2522 48.23)| . - 29.0 - 13. 603)
DAW - 2535 48.5 - - 27.2 - 12. 7

(1)

components.

(2)
3)
(4)

0.63 1/sec. and 5.6 w/cm?2°C for 0. 76 1/sec..

Time average values for the four cycles.

185

Equivalent Full Power Days based on 42 MW reactor power,

The loop output was corrected to compensate for heat lost from the test section and gamma heating of the

The output was then multiplied by 182 to give the power produced'in the fuel alone.

loop

' In calculating Tg the film co-efficient for water was assumed to be 5 w/cm2°C for the periods when the flow was
The thermal conductivity of Zircaloy was taken as 0.15 w/cm2°C.




‘TABLE 7

FISSION PRODUCT GAS RELEASE VALUES

Experiment - Time Average . Fuel Density f Fission Gas Release
o K(400, T,) ‘g/cm3 S %
NRX-2400(9) 42 - 45 10.1 28 - 29
NRX-2800 42 10.2 - 10.4 = 22 - 24
NRX-21100®) 55 10. 6 18
40 10. 6 5
NRX-20600 48 10.0 30

(this test)

&
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END PLUGS

HANGER ROD
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FIGURE 2 - Composite Photograph of the sheath rupture of element DAW
(Photographs 7605 to 7610) X4.8 (approx.)
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FIGURE 6 X 4 (approx.) FIGURE 7 X 4 (approx.) FIGURE 8 X 4 (approx.)
Element DAW at Point of Failure DAW after Failure. 9.2 cm from DAV after approximately 2600 MWd/
Ball End Tonne U, Irradiation 9.5 cm from

the Ball End.
Photo 7687 Photo 7611 Photo 7680




Figure 9 (X5 - B3) : X 250
Isolated Area of High Hydride Concentration on
I. D. Near Ridge of Element DAW (5).

“
-

Figure 10 (X5 - A2) X 500
Oxygen Rich Layer and Fine Cracks on the
I.D. of Element DAW,









