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HIGH-TEMPERATURE BURST STRENGTH
AND DUCTILITY OF ZIRCALOY TUBING

R. D. Waddell, Jr. and P. L. Rittenhouse

ABSTRACT

Isothermal tube burst tests were performed to determine the
strength, ductility and failure mode of Zircaloy-4 fuel rod clad-
ding in the temperature range 1100 to 2100°F. Tests were conduc-
ted on Zircaloy tubing into which controlled wall defects were
introduced as well as on stress-relieved material containing no
wall defects. The defects were designed to simulate those that
might be formed during loading of a reactor core or as a result
of corrosion. At all test temperatures, the undefected material
showed circumferential strains in excess of 50%. The presence
of wall defects did not affect rupture stress but did, depend-
ing on the type of defect, influence rupture location as well
as magnitude of the expansion.

INTRODUCTION

Pecause the size of light-water reactors (IWR) being scheduled for
use in commercial power generation is quite large [approaching 1200 Mw(e) ]
and because of the desire to site them in urban areas, steps must be
taken to safeguard the populace in the event of an accident. To this end,
power reactors are equipped with containment systems, emergency core-
cooling systems, and other engineered safety features. The generally
accepted design basis accident in IWR's is the loss-of-coolant accident
(10CA). This accident is initiated by a rupture in the primary system
and results in a rapid loss of coolant and pressure and subsequent rise
in temperature of the fuel cladding. The rupture may range from a small
crack to a double-ended failure of the largest pipe.

The cladding used in IWR's is Zircaloy=4, which melts at about
3400°F and has an allotropic transformation on heating from the hexagonal

close packed (hep) structure (@) to the body-centered cubic (bec)



structure (8) that begins at 1500°F and is complete at 1775°F. The
temperature range of interest in terms of stress-strain properties of
the cladding is shown in Fig. 1. It is bounded on the low side by the
normal operating temperature of the fuel cladding (~ 600°F) and on
the high side by that temperature at which most of the fuel rods will

have ruptured (2400°F)., However, a range of temperatures more critical
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Fig. 1. Temperature Range of Interest for the Stress-~Strain
Properties of Zircaloy Cladding.



in terms of the I0CA is 1100 to 2100°F. The lower limit, 1100°F, is
about the point at which the first of the fuel rods is expected to fail,
and the upper limit, 2100°F, approximates the temperature at which
emergency core cooling should begin, Specifically, five temperatures
were selected: 1100, 1450, 1625, 1800, and 2100°F — with 1100°F being
in the @ phase, 1450°F just below the & — & + B phase transformation,
1625°F in the mid & + B8 phase, 1800°F just above the o + 8 — B phase
transformation, and 2100°F in the B phase.

7 During the thermal excursion associated with a IOCA the strength
of the Zircaloy cladding rapidly decreases until it is below that required
to withstand the hoop stresses resulting from the internal pressures of
the fission gases. The combination of low strength and fission-gas
pressure will result in yielding, plastic deformation (expansion) and,
finally, rupture of the cladding. Individual fuel rod expansions in
excess of 30% will cause contact between adjacent rods and will reduce
the area of the coolant channel by 60%. If individual tube expansions
reach 60% the entire channel could be blocked. These figures assume
that the expansion of the cladding is uniform about the cladding axis
and that the point of maximum expansion for all rods occurs on the same
horizontal plane — a very unlikely occurrence. DNevertheless, cladding
expansion is certainly a failure mode with which we must concern our-
selves because reduced coolant flow, perhaps total blockage in some
areas, could result in cladding embrittlement by reaction of the
cladding with residual steam and subsequent rod shattering., Also, fuel
rod meliting is possible if the blockage is severe.

Fecause information on the mechanical properties of Zircaloy above
approximately 1000°F was limited and because of disagreements in those
data that did exist, a series of isothermal burst tests was conducted
to determine the strength, ductility and mode of failure over the
temperature range of interest. This was the first in a series of

studies which include isothermal and both single- and multirod transient

burst tests.




EXPERIMENTAL DETATLS

Materials used in testing included surplus Dresden cladding obtained
from General Electric Company (NSP), and both boiling water reactor (BWR)
and pressurized water reactor (PWR) size cladding purchased in the
stress-relieved condition from Amax Specialty Metals Company. These
latter materials met both ASTM and current reactor specifications., The
test samples used were 24 in, long and were housed in a stainless steel
vessel which acted as a pressure container as well as allowing the
sample to be enveloped in a blanket of high-purity argon. This assembly
was lowered into a 16-in.-long, resistance-heated furnace. The center
4 in. of the sample was monitored by sheathed Chromel-P—Alumel thermo-
couples, During the calibration of the furnace the center & in. of the
sample was monitored and an acceptable heat zone was established (a
typical temperature profile can be seen in Fig. 2). The fact that the
location of failure was random is indicative of a level heat zone. A

schematic drawing of the test facility is shown in Fig. 3.

ORNL DWG 69-6257

150

1.25 e SPECIMEN NUMBER —I-L7 -
- TEST TEMPERATURE —4800°F
£ 400 RUPTURE STRESS— 4,090 PSIG _|
w MAXIMUM EXPANSION ~68.0 %.
a
2 o075 18.9 *%
u S %
(o]
L 050
=z
:J —_— —
« 025
i
z | ‘ j

0.00 — — — - — —— } -
3 1 ¢ ;
=
Q 0.25 == ——— —]
€ ——
§ 0.50 — —
s REPRESENTS TUBE
© 075 BEFORE TEST -+ T -
(o]

1.00 T TWW*@*M——MW —

1.25 — -— e —

1782°F  4798°F 1T98°F  4T98°F 4798°F 1800°F  {804°F 1802°F  4795°F
150 l ! | l | l | | |
5 4 3 2 1 0 ] 2 3 4 5

DISTANCE FROM CENTER OF HOT ZONE (in)

Fig. 2. Cross-Sectional View of BWR Type Zircaloy Cladding Showing
Local Points of Maximum Expansion.




ORNL-DWG 68-13986

SPECIMEN PRESSURE
/ INPUT TUBE

.
ARGON INLET
ARGON OUTLET 4—\\\ ‘//—
0 A/ o
_/ 4 u 2| N CONTROL
CHECK \ THERMOCOUPLE
THERMOCOUPLE
\
jmm] |\
00 llloo
oo Hlloo
oo 00
[eX o) 00 w
= N (&}
oo 1 |Hlloo <
= z
oo (1 llloo S
an w
00 1 Nijoo
foYe} oo
oofify oY)
JE:ﬂ~
SWAGELOK-—//// \

‘\——PURGWG PORT

Fig. 3. Schematic Drawing of Isothermal Test Facility.

Pressurization of the sample was accomplished with high-purity
argon using a modified Hoke, 521 series, ballast loaded pressure
regulator to maintain a constant, preselected, pressurizing rate
(usually about 50 to 55 psi/min). A Baldwin SR-4 pressure cell and
Foxboro strip-chart recorder were used to monitor pressure., To more
closely simulate the stored energy‘(pneumatic) nominally present in

typical fuel rods, lavite pellets were used in most tubes to reduce




the gas volume. The expansions observed in tubes tested without pellets
were, however, no different. The only difference was the violence with
which rupture occurred and, therefore, the size of the rupture opening
(i.e., much larger in the tubes without pellets).

Inconsistent results observed in our early tests using surplus
Dresden material led to ultrasonic testing of the samples., This
inspection revealied variations of up to 10% of the wall thickness.
Since ASTM specifications allow variations to this extent, we decided
to introduce controlled defects into esgentially defect-free material
to determine what the effect would be on fracture stress and strain.
Horizontal and circumferential line defects (to simulate damage which
might occur due to handling or loading) and dimple defects (to simulate
corrosion) were used (types of defects and their dimensions are shown

in Fig. 4).
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RESULTS

Circumferential expansions observed in tests at the five temperature
levels selected are shown in Fig. 5, and complete results are given in
Tables 1 and 2 in the appendix. The smallest range of expansions

(50 to 70%) observed occurred at 2100°F; the largest (50 to > 140%)
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Fig. 5. Circumferential Expansion as a Function of Temperature
in Isothermal Tests of Stress-Relieved Zircaloy Cladding.

occurred at 1450°F. These values were obtained by measuring the tubing
circumference at the rupture location. The rupture opening was not
included in this measurement so that the violence of rupture and its
size does not influence the magnitude of strain reported. The ranges
of expansion seen can be explained, in part, bty variation in wall

thickness from tube to tube. It has been shown in single rod transient
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turst tests® that significant differences in ductility (factors of at
least 2) can result from wall thickness variations. Despite the
wide range of expansions in the present study, the minimum values are
fairly consistent at about 55¢., Moreover, all expansions were essen-
tially symmetrical about the longitudinal axis of the =ube (i.e., cir=-
cunferential expansion was typically uniform). As mensioned earlier,
uniform fuel rod expansions of ©O7% could block the entire coolant
channel; therefore the minimum strain obtained (~ 557) could very
nearly cause total blockage if they occurred on the same horizontal
plane. This does not say that a loss-of-coolant accident will result
in the coolant channels through the core becoming totally blocked.
There are many variables involved (location of break, size of break,
horizontal plane on which swelling occurs, etc.) which will affect the
degree and extent of blockage., However, the data presented here do
indicate that Zircaloy-4 does have 2 high degree of ductility at
temperatures associated with such an accident and, because of this,
that the possibility of coolant channel blockage 1s real.

Points of local maximum expansion, as illustrated in Fig. 2
(p. 4), were seen along the hot zone in both FWR and PWR material.
These are helieved to result from nonhomogeneity of the material, and /
or variation in wall thickness along the length of the tubing. Non-
destructive testing has shown that the wall thickness did vary along
the length of the tube by as much as 6% (PWR material) and 5.57 (PWR
material) in some cases.

4s mentioned previously, samples having defects simulating those
resulting from handling, corrosion, etc., were also tested. Of five
samples tested having dimple defects, only one failed in the defective
area and then only after 1177 expansion. The other four samples had
expansions comparabtle to those observed in the undefected material

(Fig. ©). Therefore, it seems clear that defects of this type will

~

17, 0. Hotson, M. F. Osborne, and G. W. Parker, "Zomparison of
Rupture Data from Irradiated Fuel Rods and Unirradiated Cladding,” to
be published in Nuclear Applications and Technology.
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Fig. 6. Circumferential Expansion as a Function of Temperature
in Tsothermal Tests of Zircaloy Cladding Containing Dimple Defects.
Shaded area indicates range of expansion as determined by isothermal
tests of nondefective Zircaloy cladding. Data points shown are from
cladding having dimple defects involving 8-10% of wall thickness.

not limit expansion. Similarly, none of the samples having circum-
ferential line defects failed in the defective region, and all exhibited
expansions consistent with those of undefected material. However, four
of the five samples tested with longitudinal line defects failed in
the defective area with expansions of from 20—40% (Fig. 7). This is
substantially lower than the ductility of the nondefective tubing.
Although both ductility and failure location were influenced in
the case of the longitudinal line defects, in none of the samples,
regardless of type of defect, was an effect on rupture stress observed
(see Fig, 8). 1In this figure the rupture stress of PWR and BWR size
tubing, both with and without defects, as well as published tensile
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Fig. 7. Circumferential Expansion as a Function of Temperature
in Isothermal Tests of Zircaloy Cladding Containing Iongitudinal Defects.
Shaded area indicates range of expansion as determined by isothermal
tests of nondefective Zircaloy cladding. Data points shown are from
cladding having longitudinal defects involving 8-10% of wall thickness.

data® are shown as a function of temperature, It is clear that, even
in those samples in which swelling was reduced because of the defect,
the rupture strength was not changed. The internal pressures (at
rupture) represented here ranged from 70 psi (at 2100°F) to 2100 psi
(at 1100°F) for EWR size tubes and 65 psi (at 2100°F) to 2250 psi
(at 1100°F) for PWR tubes.

The ruptures observed in all of the tubes tested can be described
as ductile., The size of the rupture opening ranged from about 1 in.

in length by 3/4 in. in width for failure at 1100°F to the very small

2J. F. White, Recommended Property and Reaction Kinetics Data
for Use in Evaluating a ILight-Water-Cooled Reactor Loss-of-Coolant
Incident Tnvolving Zircaloy-4 or 304-SS Clad UO,, GEMP-482, p. 80
(April 1063).
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perforation for failure (seen in Fig. 9) at 2100°F, The failure
geometries (size of rupture opening, expansion, etc.) shown here are
typical of those observed at the temperature levels indicated with the
exception of the expansion of I-S10 which was the greatest observed

at 1450°F.

In none of our tests was the degree of swelling affected by the
rate of pressurization. This was true even when rates were allowed to
differ by as much as a factor of 2. For example, in two tests at 1800°F
in which the pressurizing rates were 37 and 76 psi/min, the strains
produced were 61 and 65%, respectively.

In view of the symmetry (uniformity) of swelling observed in our
tests and the fact that the minimum strain was 50% or greater at all

test temperatures, it was readily apparent that multirod tests should

be run to determine the flow blockage resulting from simultaneously
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deforming fuel rods. Multirod burst tests are currently being conducted

on bundles of 13 rods of BWR size, and 32 rods of PWR size material.’

CONCLUSIONS

1. Ductility was greatest at 1450°F, just below the o » & + B tran-
sition peint, but was generally high at all temperatures. The smallest
range of expansions occurred at 1100 and 2100°F.

2. PBurst strength was consistent with published data and was not
affected by wall defects involving up to 10% of wall thickness.

3. BSwelling was uniform with respect to the center 1line of the
tube up to the time of failure, and in some cases multiple expansions
were observed. The location of failure was random along the "hot zone"
of the specimen.

4, The minimum expansion values observed in these tests (~ 50%)
would indicate a maximum possible coolant channel blockage of about
85-90%., This, of course, assumes that the point of maximum expansion
for each rod occurs on the same horizontal plane., While it is highly
unlikely that the maximum possible blockage will occur under any given
set of conditions, the potential for blockage offered by the strains
observed strongly supports the need for multirod experiments to
investigate blockage.

5. The presence of dimple (corrosion simulation) defects and
circumferential line defects had essentially no effect on strain. On
the other hand, longitudinal line defects reduced expansions to below
that of the control materials,

6. No effect on expansion was produced by varying the rate of

pressurization by as much as a factor of Z.

’R. D. Waddell, Jr., "Measurement of Light-Water Reactor Coolant
Channel Reduction Arising from Cladding Deformation During a Loss-of-
Coolant Accident,'” to be published in Nuclear Applications and Technology.
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Table 1. Results of Isothermal BRurst Tests
N on BWR Size Zircaloy-4 Tubing

s . Rupture Rupture Circumferential
Specimen Temperature .
. Pressure Stress Expansion Remarks
Number ( °F) : .
(psi) (psi) (%)
T-12 1625 300 2340 55
1625 312 2430 75
4 1625 318 2475 63
1800 108 840 68
6 1800 105 818 9
7 1800 140 1090 68
1450 715 5570 70
9 1450 675 5260 88
11 1450 693 5390 125 |
16 1450 675 5270 53
12 1100 2100 16,350 82,
25 1100 2000 15,550 66
14 2100 78 608 56
15 2100 69 538 63
) 172 1450 762 5930 35 Failed in defect
182 1450 680 5290 26 Failed in defect
19° 1450 697 54,30 117 Failed in defect
20P 1450 633 4930 25 Did not fail in
defect
20° 1625 338 2630 62 Did not fail in
defect
23° 1625 328 2550 62 Did not fail in
defect
24° 1625 325 2530 65 Did not fail in
defect

“Contained longitudinal defect.
bContained dimple defect.

& CContained circumferential defect.
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Table 2, Results of Isothermal Burst Tests
on PWR Size Zircaloy~4 Tubing
. Rupture Rupture Circumferential
Specimen Temperature .
o Pressure Stress Expansior Remarks
Number ( °F) : .
(psi) (psi) (%)
I-51 1625 363 2475 59
2 1625 315 2210 81
1625 230 1910 64
16 1625 390 2650 s
4 1300 145 938 65
5 1800 155 1050 61
o 1800 125 852 67
7 1100 2250 15,250 61
g 2100 64 434 70
20 2100 80 545 58
9 2100 134 902 51
10 1450 760 5150 158
11 1450 730 4920 57
12 1450 775 5260 131
13% 1625 248 1670 20 Failed in defect
142 1625 274, 1860 39 Failed in defect
157 1450 760 5150 58 Did not fail in
defect
17b 1625 338 2270 117 Did not fail in
defect
18° 1625 352 2370 40 Did not fail in
defect
197 1625 365 2250 52 Did not fail in

defect

®Contained longitudinal defect,

bContained dimple defect,
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