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SYNOPSIS

During the irradiation of a string of very highly rated Zircaloy-Z

sheathed UOZ fuel elements in the X-6 loop of NRX, a failure occurred in
Ts

one of the most highly rated elements (Nominal J kd8 = 80 W/cm).
o

This report describes the metallographic examination of the defected

element and an adjacent element irradiated at the same heat rating which

remained intact for the duration of the test.

Heavy hydriding was observed in the defected element which

was ascribed to entry of water into the element, while no hydriding was

observed in the intact element. Appreciable interaction had occurred

between the UOZ and the Zircaloy-Z end closures in both elements.

Oxidation of the UOZ in the defected element to U409 was brought about

by reaction with water or steam.

Chalk River, Ontario
June 196Z
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The irradiation of a charge of very highly rated Zircaloy-2
sheathed, U02 fuel elements was proposed(l) to study sheath deforma
tion, microstructural changes and fission gas release as a function of
heat-rating. The charge, consisting of eight 6 in. long elements 0.810
in. (2.09 cm) OD with a sheath wall thickness of 0.030 in. (0. 076 cm)
was irradiated in the X -6 loop of the NRX reactor. The nominal heat
ratings and loop conditions were as shown in Table 1.

During a reactor start-up, after 16. 2 effective full power days
irradiation, a slight increase in activity indicated that the fuel charge
had become defected. Within a few hours, the release of activity had
risen considerably and the reactor was shut down. On attempting to
remove the fuel string from the loop, only the top four elements and the
top end cap of the fifth element (DFF) were extracted. The loop pressure
tube was then removed, and the remaining elements were extracted from
it in the reactor trenches. Subsequent examination showed that only one
element in the charge had failed.

This report describes some of the metallographic observations
made on the two elements irradiated at the highest heat rating, DFE,
which was intact for the whole of the test and DFF which failed.

2. PRE-IRRADIATION DATA

The pre -irradiation data for elements DFE and DFF are listed
in Table 2 .

3. METALLOGRAPHIC EXAMINATION

The locations of the specimens examined are shown in Fig. 1;
the sheath sections were taken at the same positions as the oxide sections.
The figures in parentheses refer to the post-irradiation hydrogen analyses.

3. 1 Element DFE
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3. 1. 1 Sheath Sections

CRGM-ll03

The sheath sections were rough polished and chemically pol
ished in a nitric acid, hydrofluoric acid and glycerine mixture.

Examination of transver se sections of the sheath from element
DFE failed to reveal more than a few hydride platelets. Although an
average diametral expansion of O. OZ7 in. (- 3%) was recorded, no metal
lographic evidence of deformation was seen.

3. 1. Z End-cap Sections

Macroscopic examination of the upper end-cap from element
DFE indicated that appreciable reaction had occurred between the Zr-Z
and the UOZ, since a fairly deep depression was found at the fuel end of
the end-cap (Fig. Z), with numerous cracks extending into the Zircaloy.
This was not evident on a macroscopic scale in the lower end-cap.

Microscopic examination of the upper end-cap revealed a region
consisting of weakly polarizing a-Zr grains adjacent to the fuel. Next
to this and extending into the end-cap at right angles to its lower face was
a band consisting of large twinned columnar grains (Fig. 3), which term
inated quite abruptly at a distance of 0.066 in. (0. 17 cm) from the final
fuel/ end-cap interface, and was followed by a structure of fine equiaxed
a-Zr, which corresponded to the original grain structure of the material.
A few cracks, predominantly transgranular, extended through the colum
nar grains (Fig. Z).

]

cap.
large

A much narrower reaction layer was evident in the lower end
No columnar grain growth had occurred, but some abnormally
equiaxed grains were observed.

3. 1. 3 Uranium Oxide Specimens

The uranium oxide specimens were all vacuum impregnated
with Hysol liB" resin in order to facilitate retention of the more badly
cracked oxide. The specimens were rough polished to 600 grit silicon
carbide paper s, attack-polished in a slurry of O. 1 fJ.In Micropol in 30 vol
% HZOZ and etched in an HZOZ -HZS04 mixture.

Four transverse sections were examined from element DFE,
two from the top half of the element and two from the bottom. Both
upper sections showed a macroscopic central void surrounded by colum
nar grains (Fig. 4). The lower sections did not exhibit a large central
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void, but contained a central porous region (Fig. 5a), consisting of col
umnar grains, spherical voids and large radially oriented tubular voids.
This region corresponded to the matte appearance at the centre of an
adjacent fractured section (Fig. 5b).

Two regions of columnar grain growth were evident in all of
the sections from this element; a band of small columnar grains adjacent
to the outer region of equiaxed grains surrounded an area of large colum
nar grains which extended into the central porous region (Fig. 5a) or to
the edge of the central void. In the central zone a linear or cellular,
roughly hexagonal, substructure was produced on etching (Fig. 6).

Little or no equiaxed grain growth was found in any of the sec
tions examined. Porosity in the equiaxed grains close to the pellets'
outer surface was largely random, of the type normally associated with
non-irradiated, sintered DOZ. On moving towards the limit of colum
nar grains, however, the porosity changed to being predominantly at the
grain boundaries (Fig. 7).

3. Z Element DFF

3. Z. 1 Sheath Sections

In sections Z and 3 heavy hydriding was observed on both the
inside and outside surfaces of the sheath. A continuous layer of zirconiun
hydride, of variable thickness was present on the sheath's outside surface
(Fig. 8), but the hydride layer on the inside was intermittent and appeared
to be caused by localized attack (Fig. 9). Most of the regions of heavy
hydriding on the inside surface were associated with cracking, which in
nearly all cases extended through the layer. On one section, however,
a crack was found, not associated with any hydriding (Fig. 10). This
was predominantly transgranular and extended to a depth of about O. 010
in. (0. OZ5 cm).

Sections 4, 5 and 6 showed only a small number of hydride
platelets. Chemical.analyses of eigh! samples adjacent to these sections
averaged only 47 ppm HZ and all lay within the range 41 - 51 ppm HZ.
Section 7, about 0.75 in. (1. 9 cm) from the lower end-cap contained very
large amounts of hydride with a distribution similar to the sections from
the top of the element.

3. Z. Z End-cap Sections



-4- CRGM-ll03

Following chemical polishing, both upper and lower end-caps
were considerably darkened, and several well deiined zones could be
discerned. A photomacrograph of the upper end-cap is shown in Fig. 11,
together with details of the various regions at higher magnifications.
Adjacent to the fuel, a single phase zone of average thickness O. OZ in.
(0.05 cm) was present (Fig. lla). This was weakly polarizing and
resembled the equiaxed a-Zr band found in element DFE. No hydride
platelets were observed in this zone, in marked contrast to the adjoining
region, which consisted of coar se hydride platelets precipitated within
large columnar grains (Fig. lIb). This was followed by an almost ir
resolvable structure consisting of heavy hydride precipitates in an equi
axed a-Zr matrix (Fig. llc). On proceeding further up the end-cap, the
quantity of hydride precipitate decreased gradually to a grain boundary
network (Fig. lId), and finally to a much smaller quantity of random
hydride platelets and hydride str inger s (Fig. lle). Appreciable local
ized hydriding was evident at the plane of inter section between the sheath
and the end-cap (Fig. lZ).

The lower end-cap also showed evidence of heavy hydriding but
to a lesser extent than the upper end-cap. No columnar grain growth
had occurred. A grey single phase layer of average thickness 0.004 in.
(0. 01 cm) which penetrated the cracks in the end-cap was retained at the
UOz/end-cap interface (Fig. 13).

3. Z. 3 Uranium Oxide Specimens

Five transverse and two longitudinal sections of UOZ were ex
amined from element DFF (see Fig. I). Specimens from the upper portion
of the element contained a macroscopic central void and columnar grain
growth as observed in element DFE. A band of porosity consisting of
large spherical voids was situated around the edge of the central void
(Fig. 14). The lower sections contained a porous central zone as in
DFE, but the pores were larger and present in greater numbers than in
DFE, and displayed an eccentric pattern, (Fig. 15).

The columnar grain growth region was similar to that in the
intact element and had the same extent of grain growth except that a fine
two-phase structure had been produced in both the large and small col
umnar grains. Replication of these areas and subsequent examination
with the electron microscope showed this precipitate to have the form
illustrated in Fig. 16.

Grain boundary porosity was present in the equiaxed grains at
approximately the same location as in element DFE, but in this element
it was associated with considerable intergranular cracking (Fig. 17).
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On etching, concentric rings appeared in the large columnar
grains outside the central porous zone in transverse sections; in a long
itudinal section they appeared as straight lines parallel to the major
axis of the element (Fig. 18 a and b).

4. DISCUSSION

4. I Sheath and End Closures

Visual examination having failed to reveal the location of the
original defect that caused the rupture in element DFF, it was hoped that
the sections selected for metallographic examination would provide some
clarification. Unfortunately no defect was revealed metallographically.
Examination of element DFE, which had been irradiated at the same nom
inal heat rating as DFF showed very few hydride platelets and no crack
ing; thus it is considered unlikely that the failure in DFF was caused by
external hydriding. The heavy hydriding in element DFF must therefore
have been produced by entry of water into the element during the irrad
iation, through some undiscovered defect. Hydrogen analyses and met
allographic examination showed that the hydride concentration in DFF
was at a maximum at the ends of the element; little hydride was found in .
the central positions. This effect is described by Bates(Z) who indicates
that in an element irradiated with a deliberate defect midway along the
length of the sheath, that maximum concentrations of hydrogen are found
remote from the defect, towards the ends of the element. Appreciable
reaction had occurred between the UOZ and the Zircaloy-Z end-caps in
both DFE and DFF. In both elements the extent of reaction was consid
erably greater in the upper end-caps than in the lower end-caps. The
formation of columnar grains in only the upper end-caps suggests that
they contained appreoiably larger thermal gradients, since the columnar
grains are probably a consequence of these gradients. If this were the
case then the fuel/upper end-cap interfaces must have been at higher
temperatures and less effectively cooled than the lower end-cap, which
resulted in more interaction between the UOZ and the Zircaloy-Z .

Reaction of Zircaloy-Z with UOZ has been described previously
for an element irradiated to a comparable heat rating (3 L It was found
that reaction with UOZ produced an oxygen rich layer in the Zircaloy.
The reaction indicates that a minimum temperature of roughly 800°C
must have been reached at the end-caps, since Belle (4) describes an ex
periment in which onlya period of ZZ days was required to produce sig-
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nificant interaction between UOZ and zirconiuIn at 800 DC. Fig. Z shows
that the UOZ adjacent to the upper end-cap was at grain growth teInper
atures; thus the teInperature Inust have been at least 1400 DC(5). There
fore, oxygen contaInination by reaction with the UOZ probably resulted in
stabilization of the a-Zr phase at high teInperatures.

In the end-caps of eleInent DFF considerable hydriding had
occurred, and the pattern of hydride distribution clearly follows the iso
therIns predicted in the end-cap. The oxygen rich layer at the fuel end
of the end-cap was notably free of hydride precipitates. This is an effect
which has been seen previously in unirradiated Zircaloy and zirconiuIn
alloys.

The exact InechanisIn involved in the inhibition of hydride pre
cipitation in oxygen. rich Zircaloy has not been deterInined. Brown and
Hardie (6) have deterInined the effect of dis solved oxygen on the terIninal
solid solubility of hydrogen in a-Zr. They showed that the solubility of
hydrogen in the a pha.se increases with increasing oxygen content, and
preliIninary Ineasurements indicated that the a/ (a + 6) phase boundary
Inoved in the directicn of higher hydrogen contents with increasing oxygen
contents. They suggested that absence of hydride precipitation in or near
the surface Inay be due to the increased solubility of hydrogen in the pres
ence of dissolved oxygen. Ells and Sawatzky in discussing these points (7)
note that the explanation given is valid only if the increase in terIninal
solid solubility at teInperatures where precipitation stops (-100 DC) is
significantly greater than the increase in a-phase solubility at the hydriding
teInperature. They suggest SOIne other alternatives such as a decrease
in the solubility of hydrogen at hydriding teInperatures with increasing
oxygen, or an inhibition by oxygen of the transforInation to large platelets.

3. Z UraniuIn Oxide

3. 2. 1 Porosity

Several features of interest have been found regarding porosity.
Fir stly, porosity in the equiaxed grains close to the region of coluInnar
grain growth is predoIninantly at the grain boundaries. This effect has
been described elsewhere(8, 9,10) and has been observed in Inany Inicro
sections at Chalk River.

In eleInent DFF, the grain boundary porosity was associated
"'<lith Inuch intergranular cracking. It would a.ppear that this phenoInenon
may be related to the fact that the eleInent was defected and steaIn or

•

•
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oxygen Inight find easy paths through the oxide by interconnecting pores
at the grain boundaries. ExaInination of sections in deliberately defected
eleInents exhibited by Spalaris (11) shows appreciable intergranular fis
suring to have occurred. This has also been found Inore recently at
Chalk River in an eleInent whose sheath developed a leak during a long
irr adiation(lZ).

Another effect which Inay also be ascribed to the ingres s of
water or steaIn is the appreciably greater aInount of porosity in the Inol
ten core in eleInent DFF. The central porous region is interpreted as
being that part of the UOZ which Inelted during irradiation(5). It Inay
be possible therefore that Inolten UOZ in eleInent DFF contained large
quantities of gas, which on solidification of the UOZ nucleated as large
bubbles.

The long tubular voids found in both eleInents in the central
region are of the type discussed by ChalIners(13) who argues that this
type of void is caused when a pore or bubble grows at about the saIne
speed as the liquid/solid interface advances, and results in the elongation
of the bubble to a roughly cylindrical forIn.

4. Z. Z Second Phase and Substructures

The precipitate found in both the large and sInall coluInnar
grains in sections of eleInent DFF closely reseInbles that described by
Schaner(14) in discussing U409 in unirradiated UOZ. CheInical analysis
of speciInens taken froIn the centre, the Inid-radial position and periphery
of the eleInent gave ° :U ratios of Z. -15, Z. 19 and 1. 97 respectively,
which confirIn the Inicroscopical observations. The error s in such an
analysis are approxiInately ± O. 03, which are large due to the sznall size
of the saInples, but nevertheless they do show that oxidation has occurred. '

Robertson(15) has pointed out that, although BAPL workers
had shown by cheInical analysis that oxidation had occurred in one of their
defected eleInents(16) , they had never revealed the presence of U409 by
Inetallographic exaznination of the oxide(17). The results obtained in
this irr·adiation are therefore very significant in that both cheInical anal
yses and Inetallography confirIn the presence of U409 in the UOZ'
U409 forInation has probably COIne about in these tests by entry of water
or steaIn through cracks in the pellets, possibly during a reactor shut
down or other therInal fluctuation, when these cracks would have Inaxi
InUIn separation.
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The cellular substructure found in sections of element DFE
in the central porous region may be compared with similar effects
observed by Rutter and Chalmer s (18) in studies on the redistribution of
solute atoms during the freezing of almost pure metals. They ascribe
this to high local solute concentrations during freezing. Calculations
showed that very small amounts of impurity (e. g. 0.0 I at. %) are suffic
ient to cause a cellular structure to appear in the form of rods of hexag
onal cross section which align themselves in a direction somewhere
between the preferred crystallographic direction in the material and the
direction of heat flow. In element DFE, most of the columnar grains
showed a linear pattern, but a few showed the hexagonal pattern.

The presence of concentric shells in sections of the defected
element DFF is more difficult to explain. Bates(19) using an autorad
iographic technique for determining the distribution of fission products
in irradiated UOZ, found that a depletion of fission products occurred in
a region which would correspond roughly to the large columnar grains.
Similar tests on samples from elements DFE and DFF at Chalk River
also suggest a depletion in this region. The effect may therefore be due
to small local variations in fission product concentrations in the colum
nar grains which result in a varying etching behaviour.

5. CONCLUSIONS

5. I No evidence was found to suggest the mode of failure in ele
ment DFF.

5. Z Hydrogen pickup in element DFF can be ascribed to entry of
water into the fuel element. No hydriding was found in element DFE which
was irradiated at a comparable heat rating.

5. 3 Appreciable interaction had occurred between the Zircaloy-Z
e.nd closures and the UOZ in both elements.

5.4 The defect in element DFF resulted in the oxidation of the UOZ
by water or steam, and in grain boundary fissuring in the equiaxed grains.

"
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Table 1

CRGM-II03

Nominal Loop and Fuel Charge Operating Conditions
....

Loop Pressure (kgfcm 2 ) 100

.. Main loop flow rate (1 f s ) 0.63

Water inlet temperature °C 243

Water outlet temperature 0 C 280

pH 9.5 - 10.5

Element
Identific a tion DFA DFB DFD DFE DFF DFH DFJ DFK

Distance from
flux centreline (cm) 98 78 58 10 10 58 78 S8

T sJ kd8 (W fcm) 46 58 67 80 80 67 58 46

To

Table 2

Pre -Irradiation Data for Elements of X -211 Charge

Zircaloy-2 Sheath

Autoclave Treatment

U02 Density

o : U Ratio

0.030 in. (0.077 cm) wall thickness,
0.810 in. (2.06 cm) 0 D

67 hours at 575 0 F, 1250 psi steam

10.62 gfcm3 DFE; 10.63 gfcm3 DFF

2.004
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end cap

Fig. Z (Met. Y IZ-AZ) 7. SX

Upper end cap from element DFE showing extent of interaction
with UOZ.

: t ',' .. ~. ~.,

end cap/fuel
interface

Fig. 3 (Met. YIZ-A4) sox
Columnar grain growth in upper end cap of element DFE.



Fig. 4 (Met. Y12-Bl)

Section near the top of element DFE, showing central void.

7.5X



a.

(Met. YI2-E3) 12.5X

b.

..

Ref. No. 6151

a.Fig. 5 Section near lower half of eleIl1ent DFE showing central
porous region.

b. Fracture cross -section adjacent to a.



Fig. 6 (Met. YI2-E2) 32.5X

Cellular substructure in porous region, element DFE.
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Fig. 7 (Met. Z92-13) 500X

Grain boundary porosity in equiaxed grains of element DFE
(unetched) (also typical of DFF).



Fig. 8 (Met. Z92-C2)

Hydride layer at outside surface of elerrlent DFF.

250X

Fig. 9 (Met. Z92-CI) 250X

Localized hydriding and cracking on inside surface of
elerrlent DFF.
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Fig. 10 (Met. Z92-A2) 250X

Crack on ID of sheath, not associated with hydriding.



FIG.II END CAP FROM ELEMENT OFF SHOWING EXTENT OF REACTION AND HYDRIDING
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DETAIL OF HYDRIDES IN COLUMNAR
GRAINS

GRAIN BOUNDARY HYDRIDES

HEAVY HYDRIDE PRECIPITATE
IN EQUIAXED a - GRAINS
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SHOWING HEAVY HYDRIDING
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uranium
oxide

Fig. 12 (Met. Z92-17 75X

Localized hydriding at upper sheath/end cap interface of
element DFF.

end cap

sheath

a. Zr + ZrH2

02-nch a. Zr

Zr02

Gap

Fig. 13 (Met. Z92-18) IOOX

Reaction zones at end cap/U02 interface (lower end cap
of element DFF).



Spherical pores surrounding central void in
element DFF (unetched)
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Fig. 15 (Met. Z9Z-Cll)

Eccentric form of porosity in element DFF.

7.5X



b.

a.

(Met. Z92-C12) 500X

(EM-109-A2) 5000X lO,OOOX

Fig. 16 a.

b.

U409 precipitate in columnar grains, element DFF

Electron micrographs of area shown in a. above
(2 stage carbon replica shadowed with chromium).



Fig. 17 (Met. Z92-C13) 500X

Intergranular cracking in equiaxed U02 grains. element
DFF (unetched).



a.

(Met. Z9Z-CIO) lZ.5X

..

b .

(Met. Z9Z-C 14) lZ.5X

Fig'. 18. a. Transverse section of DOZ in element DFF showing
concentric markings.

b. As a., longitudinal section.




