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THE EFFECT OF IRRADIATION ON THE FAILURE OF 
ZIRCADOY-CLAD FUEL RODS 

M. F. Osborne and G. W. Parker 

ABSTRACT 
A loss-of-coolant accident in a water-cooled power 

reactor probably would cause a rapid temperature ex-
cursion in the core. A program to investigate the 
behavior of the Zircaloy-clad UO2 fuel rods in such 
a thermal transient has been conducted. This report 
discusses the results of fuel rod failure experiments 
in steam atmosphere on both irradiated and unirradiated 
fuel rods; the results are compared with the mechanical 
properties of Zircaloy, with related work by other ex-
perimenters, and with a failure model. 
Cladding expansions of 15 to 70$ were observed with 

rods that ruptured in the temperature range 1450 to 
2600°F with internal pressures of 50 to 1000 psig. 
For irradiated rods at fast neutron exposures of 

x 1021 nvt (> 1.0 MeV) the average expansion was 
about 70$ of the expansion in unirradiated rods. 
These data correlate reasonably well with a failure 
model based on secondary creep. The results of these 
tests indicate that, in a I£)CA, fuel rod expansion 
may cause enough flow restriction to impair the ef-
ficiency of emergency cooling. However, irradiation 
effects in the Zircaloy cladding appear to reduce the 
extent of expansion. 

1. INTRODUCTION 
One of the most serious accidents postulated for current water-

cooled power reactors is a loss-of-coolant accident (L0CA), in which the 
coolant water is lost through a break in the primary system piping. 
Should such an unlikely event occur, analyses show that fission power 
would {•.rop to an insignificant level within a few seconds. However, the 
heat stored in the UO2 fuel (which operates at a much higher temperature 
than the cladding and coolant), and the heat from fission-product decay 
within the fuel would cause a rapid increase in the temperature of the 
Zircaloy cladding immediately after de-pressurization of the primary sys 
tem. For this reason, all power reactors are equipped with emergency 
core-cooling systems (ECCS) which are designed to control or limit this 
temperature transient, and thereby prevent serious damage to the reactor 
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core and fission-product release to the containment.1 A large increase 
in cladding temperature would cause many of the fuel rods to swell and 
rupture because of the high internal fission-gas pressure. Excessive 
expansion of the Zircaloy cladding might obstruct the coolant channels 
between rods. 

If the emergency cooling water could not adequately cool the core, 
continuous heating from fission-product decay, and eventually from the 
high temperature reaction of steam with Zircaloy, could cause extensive 
damage to the core and the release of large quantities of fission pro-
ducts to the containment building. Such an occurrence would disable the 
power plant for an extended period, and should the containment be breached, 
would constitute a radiation hazard to the environment at distances up 
to 100 miles,2 depending on release characteristics and meteorological 
conditions. 

Theoretical and experimental studies of the LOCA and its effects 
have been conducted at many laboratories. The Fuel Rod Failure Program, 
under the auspices of ORNL Nuclear Safety Research and Development 3?ro-
gram, was initiated to determine the characteristics and extent of fuel 
rod failure under LOCA conditions, and to determine the effect of fuel 
rod failure on the effectiveness of ECCS.3 Several different experimen-
tal techniques have been utilized in an effort to achieve these goals; 
this report discusses tests of single, intact fuel rods, both irradiated 
and unirradiated, which were heated by induction in a steam atmosphere. 

2. FAILURE ANALYSIS MODELS AND RELATED STUDIES 
The results of mathematical analyses conducted by other investiga-

tors were considered in establishing the experimental conditions for the 
work reported here. The basic assumptions used in analyzing LOCA's vary 
widely, depending on the size and type (BWR or FWR) of reactor, the ope-
rating history, and the size and location of the pipe break. Consequent-
ly, the results of these analyses vary widely also. Many of the analyses 
have considered a portion of the emergency coolant system to be inoperable, 
thereby reducing the design performance of the ECCS. Computer prog} -ms 
used in these mathematical analyses have been described in Nuclear 
Safety.4*5 
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The fastest heating rates are possible when large pipe breaks occur; 
the cooling water escapes rapidly, and the stored heat in the UO2 is the 
primary heat source. Heating rates > 100°F/sec have been calculated un-
der these conditions. For smaller breaks, depressurization requires more 
time and more of the stored heat is discharged with the coolant, leaving 
a smaller fraction to drive the temperature excursion. Heating rates of 
10-20°F/sec occur later in the accident sequence when fission-product de-
cay is the main heat source. (For example, the decay heat in a modern 
BWR one hour after shutdown is $> of operating power.6) The emergency 
coolant is injected to the core as spray from above and/or as flooding 
from below. Usually more than one system, with different pressure and 
flow capabilities, is available for emergency cooling. 

Existing analyses of LOCA's have indicated that the maximum cladding 
temperature may vary widely, depending on the assumed efficiency of the 
ECCS and the previously mentioned failure variables. Because so many 
variables and assumptions affect the analyses, different analysts (using 
different failure models and calculational methods) have obtained signifi-
cantly different results from the same basic assumptions. (See footnote) 
After considerable study of this problem, the AEC Division of Reactor 
Licensing has specified that the calculated maximum temperature in a LOCA 
must not exceed 2300°F. 

The high-temperature expansion and rupture behavior of pressurized 
Zircaloy tubing has been studied by several other experimenters. Juenke 
and White7 performed isothermal and transient temperature tests, both in 
argon and in steam atmospheres, which are helpful in evaluating our data. 
After conducting a variety of experiments, all heated by induction, they 
developed a failure model based on the secondary creep equation 

d e / d t = A e - Q / R V , ( 1 ) 

where e = strain, t = time, T = absolute temperature, Q = activation 
energy for creep, R = gas constant, cr = effective stress, and A and 11 
are parameters of the particular material. For transient temperature 

Footnote: W. A. Carbiener and R. L. Ritzman of Battelle Memorial 
Institute have performed many such calculations; their results have been 
published in a series of progress reports (esp. BMI-1815 and BMI-1871) 
and in Nuclear Tech., 11(2), Aug 1971. 
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test conditions, in which the tubes were pressurized and then heated at 
a linear rate, they derived the relationship for effective stress, in 
kg/mm2, 

B 0 . B e ^ (ft)17" , (2) 

where the activation energy, Q, and the material parameters B and n were 
determined by least squares analysis to be 85,700 cal/mole, 0.00738, and 
3.093, respectively. Other factors are 

E = El - (1 + €)-2nJ/2n , 
e = strain, or fractional diametral expansion, 
R = gas constant = 1.987 cal/mol • °K, 
T = rupture temperature, °K, and 
p = heating rate, °K/sec. 

This relationship, Eq. (2), is not intended to predict the strain at 
failure. However, Juenke and White suggest that it may be used to calcu-
late the expected failure temperature in a fuel rod by making two assump-
tions: (l) set € = 0.34-, which is the strain to cause rod-to-rod contact 
in a BWR spacing, and (2) evaluate S0 in the general relation for a closed 
end tube in plastic flow, 

a _ ^ £ m So - 2 l ' C 3 ) 

where P = differential pressure, r = initial internal radius, and t = 
initial wall thickness of the tube. 

In addition, Juenke and White found that oxidation strengthened the 
metal and increased the temperature of failure for tests conducted above 
2000°F in steam. However, they did not determine a correlation for this 
oxidation strengthening effect to apply to Eq. (2). 

Hobson and Rittenhouse8 conducted a series of transient temperature 
tube burst tests in argon; they used radiant boating, both internal and 
external, to carefully duplicate the thermal environment of an accident 
over a short (6-8 in.) length of Zircaloy tube. The combination of inert 
atmosphere and very uniform temperature conditions tended to maximize the 
expansion of the Zircaloy tubes. Their data agreed reasonably well with 
Juneke and White's failure model except for a more pronounced reduction 
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in expansion when the tube failed in the two-phase a + (3 region (1500 -
17B0°F). Hobson and Rittenhouse concluded that this effect was caused 
by the shear transformation and reduced work hardening occurring in the 
two-phase region. (The reduced work hardening would allow the tube to 
fail quickly at the weakest point, rather than to strengthen and force 
expansion elsewhere. Thus, failures in the two-phase region should ex-
hibit less uniform expansion than failures in the single-phase regions.) 

A series of calculations predicting the effects of specific acci-
dents were performed by Carbiener and Ritzman.9 They used Juenke and 
White's data and material parameters, and determined tube expansion as 
a function of time via the secondary creep equation. Their conclusions, 
based on this early work, were that (l) high external pressures may cause 
temporary collapse of the cladding in some cases, (2) there is an appar-
ent temperature threshold for expansion of ~1400°F, (3) predictions of 
cladding expansion depend heavily on the values for blowdown heat trans-
fer and material properties, and (<4) very efficient cooling will be re-
quired to reverse the transient once cladding expansion has begun. 

Other experimental studies were conducted at Westinghousa Electric 
Corporation, as reported by Roll10 and at O M L by Lorenz, Hobson, and 

and by Waddell. The Westinghouse experiments employed single 
Zircaloy tubes, some with external radiant heating and some heated by 
induction; the results were in general agreement with the work reported 
in Refs. 7 and 8. The ORNL experiments were performed with groups, or 
bundles, of Zircaloy rods heated simultaneously to investigate possible 
interactions between adjacent rods. Although the two experimental tech-
niques varied widely, the results were in good agreement. Lorenz et al. 
tested seven-rod bundles in the Transient Reactor (TREAT), which closely 
simulated all of the primary operating conditions in the hypothetical 
accident: Zircaloy-clad UO2 fuel rods heated by the UO2 in a steam atmos-
phere. Waddell conducted tests of 13- and 32-rod bundles in inert atmos-
phere, with each tube containing a tungsten lamp heater. These multi-
rod tests investigated the reduction in coolant-channel area as a result 
of tube swelling; reductions as great as 90$: were observed in both 
experiments. 
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3. EXPERIMENTAL EQUIPMENT AND PROCEDURE 
3.1 Equipment 

The remotely operated hot cell facility used in these rupture tests 
was described in detail in a previous report.13 Several methods of heat-
ing the intact fuel rods were considered at the beginning of the program. 
Based on convenience in handling the irradiated rods, the ability to heat 
rapidly, and the availability of existing eqiiipment, induction heating 
was selected. However, limitations of the temperature uniformity along 
a 20- to 30-inch-long fuel rod were recognized. (Such temperature vari-
ations may be caused by uneven coil spacing, variations in the thickness 
of the cladding wall or the pellet-to-cladding gap, or rod bowing dur-
ing the experiment.) Several coil configurations were tested to obtain 
the best combination of heating characteristics with the radio frequency 
generator (Lepel Model No. T-50-348) and a 4-to-l voltage reduction trans 
former. The problem of electrical discharge from the induction coil to 
the fuel rod through gas ionization was eliminated by the combination of 
voltage reduction and addition of a small fraction (~10fo) of nitrogen to 
the argon-steam atmosphere. 

Fuel rod temperatures were monitored throughout the experiments by 
two or more Ft-10$ Rh vs Pt thermocouples, which were spot-welded to the 
cladding. The experimental arrangement is illustrated in Fig. 3.1, and 
the construction of a typical fuel rod is shown in Fig. 3.2. The rod 
was suspended vertically inside a quartz containment tube within the in-
duction coil. The test atmosphere, a mixture of steam and argon, flowed 
upward past the rod, then through a filter assembly containing fiber 
glass filters and activated charcoal, which remover*, any non-gaseous ma-
terial released from the rod. 

3.2 Test Specimens and Parameters 
All of the fuel rods tested were Zircaloy-clad UO2• The diameters 

were 0.563-in.-0D x 0.030-in. nominal wall thickness (BWR diameter) or 
0.424-in.-0D x 0.022-in. nominal wall thickness (FWR diameter), and 
lengths were 20 to 30 in. Three of the irradiated rods were standard 
segmented fuel rods from Dresden I. All other irradiated rods were fab-
ricated and tested as a part of the AEC Fuel Cycle Program, as reported 
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Fig. 3.1. Experimental Assembly for Single-Rod Rupture Tests. 
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OftNL DWO 99'10636 

Fig. 3.2. Typical Zircaloy-Clad U02 Fuel Rod (BWR Diameter). 
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by Baroch, Hoffman, and Rous.1/f The latter rods were irradiated in the 
Vallecitos Boiling Water Reactor (VBWR). The irradiation exposures were 
3,000 to 7,000 MWd/T of U02 burnup and. 0.4 to 1.4 x 1021 nvt of fast 
neutrons (> 1.0 MeV), and the decay times were more than five years. 
Megerth et al»15 reported the results of postirradiation examination of 
some of the VBWR-irradiated rods. 

Since none of the fuel rods had been irradiated at fuel temperatures 
high enough to cause appreciable fission-gas release from the UO2, all 
rods were artifically pressurized with argon in the range 50 to 1000 
psig to simulate fission-gas pressure. A pressurizing tube was attached 
to each rod with a compression fitting, and a pressure cell was used to 
monitor the rod pressure during the test. 

In preparation for each test, the rod was cleaned to remove the 
loose scale (mostly metal oxides from the reactor water system), there-
by reducing the radioactive contamination of the test apparatus. The 
fuel rod was penetrated by drilling or cutting, the thermocouples and 
pressurizing tube were attached, and the rod was installed in the con-
tainment tube. 

The principal experimental variables were internal gas pressure and 
heating rate, plus irradiated vs unirradiated material. In order to 
simulate fission-gas pressure for a variety of irradiation conditions, 
nominal test pressures of 50, 100, 200, 300, 400, 500, 700, and 1000 
psig were selected. The nominal heating rates tested were 10, 25, and 
50°F/sec. 

3.3 Test Procedure 
Following assembly, the test procedure included (l) slowly preheat-

ing the rod to 600 F, (2) stabilizing the steam flow at the desired rate, 
(3) pressurizing the rod to the desired test pressure, (4) rapidly heat-
ing the rod at a predetermined linear rate to rupture, and (5) terminat-
ing the power at rupture and allowing the rod to cool to ambient tempera-
ture (Fig. 3.3). After disassembly, each rod was inspected and photo-
graphed, and rod diameters and ruptures were measured. Such character-
istics as rupture appearance and the relative locations of thermocouples 
to apparent hot spots - as indicated by swelling, rupture, and extensive 
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Fig. 3.3. Temperature and Pressure History of a Typical Fuel 
Rod Rupture Test. Note that the maximum internal pressure occurs 
somewhat before rupture, and is relieved by expansion. 
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oxidation - were noted. Representative specimens were selected from some 
rods for decailed metallographie examination. 

EXPERIMENTAL RESULTS AND DISCUSSION 
4.1 General Appearance of Rods 

The only effect of using fuel rods containing UO2 pellets compared 
with sections of tubing used by other experimenters is a reduction of 
expansion caused primarily by temperature gradients encountered with the 
longer fuel rods. There was no evidence of either chemical or mechani-
cal interaction between the UO2 pellets and the Zircaloy cladding. As 
expected, the temperatures at which fuel rods ruptured were generally 
inversely proportional to the internal pressure. 

Significant differences in the appearance of ruptures occurring un-
der different test conditions are illustrated in Fig. 4.1. Low pressure, 
high temperature ruptures were characterized by small ragged holes, maxi-
mum expansion, extensive oxidation, and a roughened surface texture. 
High pressure, low temperature ruptures generally exhibited larger holes, 
less expansion, and moderate to little oxidation. In addition, larger 
gas plenums resulted in larger ruptures. Rupture areas in unirradia ted 
and irradiated rods are compared in Figs. 4.2 and 4.3. No significant 
differences in the general rupture characteristics of irradiated vs un-
irradiated fuel rods were observed. 

4.2 Data Comparison 
Experimental data for all valid tests are listed in Table 4.1, and 

are presented graphically in Figs. 4.4 and 4.5. Several other tests of 
unirradiated rods were conducted outside the desired parameters during 
preliminary testing, and one irradiated rod test (R-104) was invalidated 
by a power failure during the latter part of the temperature transient. 
Early in the program the fuel rods were pressurized and sealed, with no 
provision for pressure measurement during the transient. Maximum pres-
sures for these tests were estimated from temperature and volume expan-
sion data, as noted in Table 4.1. 

All of the failures in these tests were ductile, although the amount 
of expansion varied with cladding temperature and extent of oxidation by 
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TEST CONDITIONS 
PRESSURE (psig) 
HEAT RATE (°F/sec) 
RUPTURE TEMP. (°F) 
STRAIN ( % ) 

PHOTO 0 4 3 9 - 7 1 R 

100 300 7 0 0 
25 25 10 

1870 1630 156 5 
55 31 39 

Fig. 4.1. Typical Ruptures in Zircaloy Fuel Rods Heated in 
Steam at Different Internal Pressures. Mag. 0.75X 
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0° 9 0 ° 
( a ) 

PHOTO 101879 

oc 90< 
(6) 

Fig. 4.2. Comparison of Fuel Hods Ruptured at 100 psig, Actual Size. 
(a) Test R-85A, unirradiated, 65$ strain. 
(b) Test R-201, irradiated, 44$ strain. 
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PHOTO 101880 

0< 90* 0° 90< 
(t>) 

Fig. 4.3. Comparison of Rods Ruptured at Intermediate Pressures Which 
Caused Ruptures at Temperatures Where Zircaloy Ductility is Wear the Minimum. 
Actual Size. (e) Test R-24, unirradiated, 324 psig, 31$ strain. 

<b) Test R-105, irradiated, 402 psig, 36$ strain. 
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Table 4.1. Fuel Rod Rupture Test Data 

Test 
Number 

Burnup 
(MWd/ton) 

Maximum 
Pressure 
(psig) 

Heating 
Rate 

(°F/sec) 

Rupture 
Temperature 

(°F) 

Circumferential 
Strain 
a ) 

I. BWR Diameter Rods (0.564 in.) 
R-2 0 280a 24 1745 39 
R-5 0 200a 32 1730 39 
R-10 0 107 16 1860 53 
R-14 0 140a 29 1805 36 
R-21b 0 109 23 1870 55 
R-22b 0 109 26 1900 70 
R-23b 0 751 15 1565 39 
R-24 0 324 31 1630 31 
R-25 0 55 10 2445 45 
R-26 0 58 35 2600 68 
R-27 0 1015 33 1520 25 
R-28 0 1025 11 1495 47 
R-101 7,000 H 0 a 13 1940 20 
R-102 7,000 460s 28 1720 45 
R-103 7,000 140a 20 1930 44 
R-105 3,000 402 10 1590 36 
R-106 3,000 403 23 1620 15 
R-107 3,000 112 10 2005 51 
R-108 3,000 720 13 1520 35 
R-109 3,000 101 47 2200 35 
R-110 3,000 402 53 1760 16 
R-lll 3,000 206 45 1735 27 
R-112 3,000 55 24 2360 32 
R-113 3,000 204 24 1710 31 
R-114 3,000 218 10 1760 27 
R-115 3,000 1005 11 1450 27 
R-116 3,000 1020 43 1495 18 

II. BUR Diameter Rods (0.424 in.) 
R-31 0 106 42 2025 48 
R-85A 0 105 15 1940 65 
R-85B 0 509 29 1650 28 
R-201 5,000 106 25 1940 44 
R-202 7,000 505 31 1695 16 
R-203 5 ,.000 302 13 1645 20 
R-240 7,000 712 9 1505 28 

a Estimated from initial pressures and temperature-volume changes. 
^Fuel rods fabricated from new Zircaloy-4 tubing (same material as 

vas used in tests by Hobson and Rittenhouse8). 
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Fig. 4.4-. Variation of Circumferential Strain with Rupture Temperature 
of Fuel Rod. Single-rod data (points) compared with data from Hobson and 
Rittenhouse 8 (curve). 
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Pig. 4.5. Effect of Internal Pressure on Rupture Temperature in 
Fuel Rod Rupture Tests, Compared with Data from Tube Burst Tests by 
Hobson and Rittenhouse8 (Curve). 
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the steam. As shown in Fig. 4.4, expansion was generally lower in the 
OL + p phase temperature range (1500 to 1780 F). In the highest tempera-
ture (lowest pressure) tests, extensive oxidation (mostly after rupture) 
severely embrittled the Zircaloy, as evidenced by several zero-ductility 
fractures during post-test handling. 

4.3 Pressure and Temperature Effects 
General observations indicated that limited initial expansion of 5-

lOffo occurred at relatively low temperatures (1200-1400°F), followed by 
extensive expansion and rupture in the 1500-2500°F range, depending on 
pressure. This phenomenon appears to agree with the concept of a tem-
perature threshold for expansion reported by Carbiener and Ritzman.9 
Maximum expansion of rods varied from 16$ to 70$, the higher value being 
the limit imposed on BWR rods by the containment tube. Using a curve 
representing Hobson and Rittenhouse's8 data as the reference for expan-
sion expected with uniform heating, the mean expansion of unirradiated 
induction-heated fueled rods was only 80$ of the expected amount (Fig. 
4*4). This reduction is believed to be caused primarily by non-uniform 
temperature along the fuel rod. In addition, oxidation-induced strength-
ening probably restricted cladding expansion in the higher temperature 
(> 2100°F) fuel rod tests. The induction-heated cladding lost heat to 
the pellets as well as outside so that pellet-to-cladding irregularities 
caused early localized expansion. In addition, variations in cladding-
to-coil spacing tended toward less uniform heating with the long fueled 
rods. Comparisons of temperatures along the rods occasionally revealed 
temperature variations of 100 to 150°F over distances of 2-3 inches. 
Early researchers using phort lengths of tubing rarely experienced ex-
pansions as great as because of non-uniform heating. The fuel rods 
were not screened for uniformity of wall thickness, and Hobson and 
Rittenhouse found that with uniform heating, wall thickness variations 
of 0,002 in. (thick side-thin side) could cause as much as 60% reduction 
in the expansion. 

The maximum fuel rod pressure is plotted vs rupture temperature in 
J'ig. 4.5. Again, considering Hobson and Rittenhousefs data as a reference, 
our data suggest that the induction-heated tests ruptured at slightly 
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lower temperatures. However, we "believe that this discrepancy represents 
the error in temperature measurement, resulting from the previously men-
tioned temperature variations along the fuel rod, i.e., the true tempera-

o 
ture at the point of rupture was probably 50-.100 3? higher than that in-
dicated by the nearest thermocouple. 

4.4 Irradiation Effects 
With further inspection of Fig. 4.4, the data suggest that the aver-

age circumferential strain, or expansion, was somewhat less for irradi-
ated rods than for unirradiated rods. The average expansion of these 
induction-heated irradiated rods was about 70$ of that for comparable 
unirradiated rods. A comparison of similar data from other experimen-
ters (over slightly different ranges of pressxire and heating rate) yield-
ed similar results; the expansion of irradiated cladding averaged 
and 75$ of the unirradiated values in tests reported by Roll10 and by 
Juenke and White7 respectively. 

For many years it has been recognized that irradiations of Zircaloy 
by fast neutrons caused an increase in strength and a decrease in ductil-
ity, somewhat analogous to the effects of cold x̂ ark. Similarly, it has 
been known that these effects could be reduced, and eventually elimi-
nated, by annealing at temperatures of 900 to 1100°F. Early work by Howe 
and Thomas16 illustrated these effects at relatively low fast neutron 
exposures (~ 1020 rivt), and further work by Bement,17 Scott,18 and Woods 
et al.,19 confirmed similar behavior at higher exposures 

(> 1021 nvt) . 
One objective of this experimental program was to determine if the fast 
neutron irradiation damage accumulated during reactor operation would be 
annealed out during the rapid thermal transient of the burst test. 

These irradiated fuel rods had experienced fast neutron exposures 
of 0.4 to 1.4 x 1021 nvt, which are only moderate compared to the expo-
sures expected at maximum burnup in existing reactors. However, there 
appeared to be some reduction in cladding ductility at this exposure 
level 1 x I021 nvt), which is still below the apparent saturation 
level of 2 to 3 x 1021 nvt reported by Woods et al.19 This seems to in-
dicate thc.t not all of the irradiation damage at 1 x 1021 nvt was an-
nealed out during the transient. Therefore, either a higher temperature 
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or more time above a threshold temperature must be required to anneal 
the damage resulting from a 1021 nvt exposure. It would seem logical 
that there should be less difference in the expansion of irradiated vs 
unirradiated, rods in the lower pressure, higher temperature tests, where 
tl-ere should be more annealing of the irradiation damage. Our data, how-
ever, cio not support this idea, possibly because of the scatter resulting 
from temperature variations. Bement20 observed, an "increase in damage 
stabilit.v'' wii.li increasing irradiation, which he suggested may be re-
lated to irradiation temperature and exposure rate. Brassfield et al.21 
predicted that most, if not all, irradiation damage up to exposure levels 
of 1021 nvt would be annealed at 900 to 1300°F when heated at 0.5°F/sec, 
but that faster heating rates, as in these tests, would require higher 
temperatures for comparable annealing. In addition, chemical effects 
such as hydriding or corrosion by the reactor water coolant must be con-
sidered as potential factors in the reduced cladding expansion of our 
irradiated rods. 

4.5 Heating Rate Effects 
The effect of heating rate on rupture temperature is illustrated in 

Fig. 4.6, where it is apparent that this effect is small over the range 
10° to 50°F/sec. There was no significant trend toward higher rupture 
temperatures at the higher heating rates, such as Hobson and Rittenhouse 
observed at pressures of 100 to 700 psig. The few data points at 50 
psig probably do not warrant meaningful comparison, and at higher pres-
sures, the variation of rupture temperature with heating rate was incon-
clusive . 

The effect of heating rate on maximum expansion was investigated, 
but no significant trends were apparent. A modest reduction in expan-
sion at the highest heating rates probably reflected the less uniform 
heating discussed previously, rather than a true heating rate effect. 
Again, one might expect more annealing, and thus less reduction in the 
expansion of irradiated rods, in the lower heating rate tests. However, 
the data do not indicate such an effect. 
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Fig. 4-.6. Effect of Heating Rate on Rupture Temperature of Fuel Rods. 
Data from single-rod tests (points) are compared with data from Hohson and 
Rittenhouse8 (curves). 
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4.6 Cladding Micros true ture 
Several irradiated fuel rods were examined metallographically for 

microstructural changes caused by the rupture tests. Transverse sec-
tions from the rupture zones and from unhcatcd zones were compared and 
no unusual effects were discovered. Views of the ruptures in tests 
R-201 and R-202 are shown in Fig. 4.7, illustrating the typical appear-
ances discussed in Section 4.2. These specimens were selected to repre-
sent the extremes of expansion; R-201 was a low pressure, high tempera-
ture rupture in the P phase region, resulting in extensive expansion, 
whereas R-202 was a relatively high pressure, low temperature rupture 
in the a + (3 two-phase region, where minimum expansion occurs. Some ef-
fects of the temperature transient in steam are shown in Fig. 4.8. Sec-
tions of the Zircaloy cladding at the rupture elevation, but 180° from 
the ruptures are compared with a control section (irradiated but unheated). 
The annealed structure and large initial grain size of the control speci-
men is a result of the normal fabrication technique used some ten years 
ago. These features are consistent with the fabrication report.14" (it 
is current practice to use Zircaloy cladding in the stress-relieved 
rather than the annealed condition.) A longitudinal control specimen is 
shown in Fig. 4.9; the appearance of the UO2 is typical, and a very thin 
layer 0.0001-in. maximum) of Zr02 on the inner surface of the clad-
ding is apparent. The cladding experienced no significant changes in 
visual appearance during irradiation. As shown in Fig. 4.8, microstruc-
tural changes in test R-202 (ruptured at 1695°F) were minimal. However, 
test R-201 (ruptured at 1940°F) exhibited appreciable grain growth, which 
occurred while the material was in the single-phase f3 temperature region 
(> 1780 F) and surface oxidation. The basketweave structure is typical 
of Zircaloy which has cooled from the (3-phase region. In addition, the 
cladding in test R-201 had been reduced from 0.022 in. to 0,018 in. 
thick as a result of expansion. One lip of the rupture in test R-201 is 
shown in Fig. 4.10; the layer of Zr02 on the cladding surface, the under-
lying layer of oxygen-stabilized, a-phase zirconium, and the transformed 
p-phase Zircaloy are apparent. The high ductility of the cladding at 
high temperature - the wall thickness was reduced by a factor of 20 - is 
illustrated in Fig. 4.11. The hydride content in the cladding after 



Fig. 4.7. Typical Appeai'ances of Fuel Rod Ruptures at Different Tes 
Conditions. Mag. 6.5X 

(a) Test R-202, 505 psig, ruptured at 1695°F, 16$ strain-
(b) Test R-201, 106 psig, ruptured at 2025°F, 48$ strain. 
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Fig. 4.8. Comparison of Zircaloy Cladding Sections from Rupture Tests. 
Etched, Polarized Light. 

(a) Control: irradiated, but not heated. 
(b) Ttest R-202: ruptured at 1695°F. 
(c) Test R-201: ruptured at 2025°F. 
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*• U02 Gas Gap Cladding 

Fig. 4.9. Zircaloy Cladding - UO2 Pellet Interface in Control. 
Note the thin layer of Zr02 on the inside surface of the cladding 
(arrow). As Polished. 
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(c) (b) (a) 

- 0.014 INCHES 
IK Km Ifo E Ig P® I® 250X ^ H5 |ro 

Fig. 4.10. One Lip of the Rupture in Test R-201, Showing 
Three Different Phases Resulting from High Temperature 
Transient in Steam. Etched, Polarized Light. 

(a) Zr02 outer layer. 
(b) Oxygen-stabilized, a-phase Zr. 
(c) Transformed p-phase Zircaloy, comprising most of wall. 
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Fig. 4.11. Very Thin Area in Cladding from Test R-201, 
Illustrating High Ductility. (Wall thickness reduced from 
0.022 to < 0.001.) Etched, Polarized light. 
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rupture testing was estimated to be < 100 ppm, in agreement with 
Megerth et al.15 

4.7 Fission-Product Release 
Because of the previously mentioned low temperature irradiation, 

very little fission-gas release from the UO2 would be expected. For this 
reason, and because of the long decay time (> 5 years), no effort was 
made to collect the fission gas when the irradiated rods were opened. 
However, the effluent from each rupture test passed through a fission-
product collector composed of high efficiency fiber glass filters and 
charcoal cartridges. The quartz primary containment tube was leached 
for fission-product removal, and aliquots of the solution, the filters, 
and the charcoal cartridges were analyzed by gamma-ray spectrometry. 
The predominant radionuclide detected was 137Cs, and the fractional re-
leases from the fuel rods were 10""4, to 10"5 of the total present in the 
fuel. Smaller fractions of 144Ce and 106Ru were detected also. Signif-
icant amounts of 60Co were collected in some tests, apparently resulting 
from cladding surface deposits of water reactor corrosion products, com-
monly called "crud." 

4.8 Comparison with Failure Model 
Our data for stress at failure temperature are shown in Fig. 4.12. 

In addition, they are compared with the ultimate strength of Zircaloy-4 
(Ref. 21) and with Juerike and White's model, Eq. (2), for heating rates 
of 10 and 50 F/sec. Most of our data lie above the ultimate strength 
curve which is based on tensile tests at relatively low strain rates. 
Our data appear to fit Juenke and White's model reasonably well, es-
pecially below 2000°F. Their correlation is based on the secondary creep 
equation that permits calculation of expansion as a function of time and 
temperature. 

Sorae deviation toward higher stress (greater strength) would be ex-
pected in tests conducted in steam at temperatures above 2100°F because 
of oxidation-induced strengthening. Negligible steam effect would occur 
with high heating rates, low temperatures, or with limited steam supply. 
Our data do not show much oxidation-strengthening effect, but Juenke and 
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and White/ using higher steam flow relative to cladding surface area, 
found a definite strengthening effect above 2300°F. In addition, their 
isothermal tube burst tests in steam showed significantly reduced rates 
of expansion (strain), thus demonstrating the oxidation-strengthening 
effect. 

5. SUMMARY AND CONCLUSIONS 
A series of tests was conducted to investigate the effect of irra-

diation on the expansion and rupture characteristics of Zircaloy-clad UO2 
fuel rods in steam. The materials and construction of the rods were gen-
erally typical of current water-cooled power reactors. The experimental 
conditions - internal gas pressure, heating rate, and steam flow rate -
simulated the conditions predicted by analyses of hypothetical LOCA's 
in operating reactors. 

In these experiments, single, intact fuel rods were heated rapidly 
by induction in a remotely operated hot-cell facility. Both unirradiated 
and irradiated fuel rods were tested. The results of the experiments 
were in good agreement, both internally and with published values of the 
mechanical properties of Zircaloy. In general, the cladding was slightly-
stronger than classical tensile tests would predict. All of the failures 
were ductile, and expansion was roughly proportional to the rupture tem-
perature, varying from ~ 30$ at 1500°F to ~ 50$ at 2000°F or higher in 
the pressure range 1000 to 50 psig. The smallest expansions (16-20$) 
occurred in the a + 3 two-phase region. No unusual features in the mi-
crostructure of the cladding or fuel-cladding interactions were observed. 
Our data were compared with the results of tube burst tests conducted by 
other investigators with reasonably good agreement. Successful correla-
tion with a failure model based on secondary creep, which can be used to 
predict rupture temperatures, provided additional verification of our 
results. 

The only indicated effect of irradiation on the failure properties 
of these rods was an apparent decrease in ductility. The average expan-
sion of irradiated rods was ~ 70$ of that of unirradiated rods, but no 
difference in rupture temperature or size was detected. Additional in-
formation is needed on the effects of higher exposures. General 



31 

observations of steam oxidation and embrittlement of the cladding were 
consistent with accepted behavior. 

These results indicate that, should a LOCA occur, rapid application 
of emergency coolant will be required to avoid extensive damage to the 
fuel rods. The measured expansions were comparable to those required 
to significantly reduce the coolant channel area between rods. For uni-
form expansion in both the BWR and the PWR cores, the rods make contact 
at a circumferential strain of ~ and the coolant channels are com-
pletely blocked at ~ 68$. Since the higher pressure rods 1000 psi) 
will begin to expand and rupture at about 1500°F, some failures appear 
to be inevitable. If the temperature transient exceeds about 2200°F, 
most of the rods will fail and the greater expansion at the higher tem-
peratures will increase the possibility of coolant-channel restriction 
and/or blockage. Such restriction of emergency cooling, combir.ed with 
the accompanying exothermic metal-water reaction, would result in still 
higher temperatures, and possibly lead to extensive core destruction. 
Thus, if the containment were penetrated, gross fission-product release 
to the environment might occur. However, these tests suggest that the 
extent of fuel rod expansion decreases with irradiation. Thus, it would 
appear that, subject to further testing at much higher irradiation levels, 
less coolant-channel restriction should occur during a LOCA in a highly 
irradiated core than in a relatively fresh core. 
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