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ABSTRACT 

chemical interactions between UO„, fuel and Zircaloy-4 cladding up to the melt

ing point of zircaloy (Zry) are described. Out-of-pile UO^/zircaloy reaction 

experiments have been performed to investigate the chemical interaction 

behavior under possible severe fuel damage conditions (very high tempera

tures and external overpressure). The tests have been conducted in inert 

gas Clto80bar) with 10-cm-long zircaloy cladding specimens filled with 

IK>2 pellets. The annealing temperature varied between l o o o and 1700°C and 

the annealing period between 1 and 150 min. 

The extent of the chemical reaction depends decisively on whether or not 

good contact between uo. , and zircaloy has been established. If solid 

contact exists, zircaloy reduces the U 0 2 to form oxygen-stabilized 

a-Zr(O) and uranium metal. The uranium reacts with zircaloy to form a 

(U,Zr) alloy rich in uranium. The (U,Zr) alloy, which is liquid above 

=1150 0C, lies between two a-Zr(O) layers. The UO^/zircaloy reaction obeys 

a parabolic rate law. The degree of chemical interaction is determined by 

the extent of oxygen diffusion into the cladding, and hence by the time and 

temperature. The affinity of zirconium for oxygen, which results in an oxygen 

gradient across the cladding, is the driving force for the reaction. 

The growth of the reaction layers can be represented in an Arrhenius 

diagram. The ua 2/Zry-4 reaction occurs as rapidly as the steam/Zry-4 

reaction above about I100°C. The extent of the interaction is inde

pendent of external pressure above about 10 bar at 1400°c and 5 bar 

at 17O0 C. The maximum measured oxygen content of the cladding is 

1-6 wt.ï. Up to VJ volume i of the tKX, can be chemically dissolved by the 

zircaloy. In an actual fuel rod, complete release of the fission products 

in this region of the fuel must therefore be assumed. 

1. Introduction 

Comprehensive analyses of light water reactors (LWRs) must consider 

hypothetical accident scenarios beyond the design basis loss-of-coolant 

accident (LOCA). In particular, accident sequences can be postulated in 

which nuclear fuel rods may be subjected to very high temperatures for 

periods sufficient to cause severe fuel damage, but which do not 

necessarily result in core meltdown. Since Zircaloy-4 (Zry-4) is thermo-

dynamically unstable with respect to IK^, chemical interactions will 

tak& place between the cladding and fuel, especially at high temperatures. 

A quantitative description of the UO^/Ziy-'i chemical interaction as a 

function of temperature and time is therefore needed to predict fuel 

rod behavior. 

Extensive out-of-pile and in-pile experiments have been performed under 

a variety of postulated transient conditions as part of a cooperative 

arrangement for LWR fuel rod behavior research between the Federal Ministry 

of Research and Technology (Federal Republic of Germany) and the Nuclear 

Regulatory Commission (USfl). Out-of-pile IX^/Zry^ reaction experiments 

have been performed at the Karlsruhe Nuclear Research Centre as part of 

the German Nucloar Safety Project /1-6/. In earlier experiments, the 

interaction was investigated in argon up to 14oo°C. The tests described 

in this paper were conducted in argon from 13o0 to 1700°C. The melting 

point of Zry - 4 is ^1760°C. 

2. Experiment Conduct 

Investigation of the IKXj/zry^ solid state reaction was performed with 

10-cm-long LWR fuel rod sections. High-density stoichiometric UO^ pellets 

were contained in gas-tight-welded Zircaloy-4 cladding (10.12 x 0.72 mm). 



The test specimens were inductively heated in argon in the high pressure/ 
high temperature equipment MONA (Figure 1)• Experiments can be performed 
in MONA up to a maximum temperature of about 2200°c, and a maximum pressure 
of 200 bar in argon or 40 bar in an argon/oxygen mixture. The cladding 
specimen is contained in a high-pressure vessel and inductively heated 
with the cladding as susceptor. Cladding temperature is monitored 
continuously with two pyrometers at two different axial elevations and 
orientations of the specimen. The pyrometers are calibrated against thermo
couple measurements. As shown schematically in Figure 2, each specimen 
was heated at 10 K/s at atmospheric pressure up to the desired temperature, 
and held at this temperature for 60 seconds to allow the cladding and 
fuel to reach thermal equilibrium. The reaction temperatures varied 
between 1300 and 1700°C. External pressure was then applied within 2 to 
3 seconds to collapse the cladding onto ahe fuel. The majority of the 
tests were performed with an external pressure of 40 bar. The reaction 
times varied between 60 and 9000s.At the end of the test, the specimen 
was cooled under pressure at 5 K/s. The cooldown rate was regulated to 
minimize the formation of cracks in the embrittled cladding, which simpli
fies metallographic evaluation of the reaction zones. 

3. Experiment Results 

U 0 2 and zircaloy are thermodynamically unstable with respect to each 
other. Chemical interactions at high temperatures are therefore expected. 
The extent of the chemical interaction between VO^ and Zry depends 
decisively on whether or not solid fuel-cladding contact exists. With 
sufficient external pressure, the cladding collapses completely onto the 
fuel pellets and solid UOj/Zry contact exists. Zircaloy reduces the U 0 2 

to form oxygen-stabilized a-Zr(0) and metallic U. The U diffuses and/or 
penetrates into the a-Zr(O) to react with oxygen-poor Zr. In this way, 
a metallic (U,Zr) alloy, which is liquid above about 1150°C, forms in the 
a-Sr(0). During cooldown of the specimen, the hypostoichicmetric UO^ 
decomposes into stoichiometric U 0 2 ^ and metallic uranium. The sequence 
of individual reaction layers .at room temperature from UO^ to Zry-4 is 
(Figure 3): 

[U0 2 + u] -*[a-Zr(0) a + (U.Zr)] •* (U,Zr) •* a-Zr(0> b -* ß-Zry 

The observed sequence of reaction layers is the same for all temperatures 
and reaction times. The temperature-dependence of the reaction is shown In 
Figure 4. 

The (U,Zr) alloy consists primarily of uranium and contains almost no 
oxygen. Up to about 1400°C, the (U,Zr) alloy forms initially as a uniform 
closed layer between the [a-Zr(0)^ + (U,Zr)] and a - Z r ( 0 ) b layers (Figure 5 ) , 

After very long annealing times, the (u",Zr) layer is transformed into many 
small spherical particles (Figure 5 ) . At 1500°C and abovo, large globules 
of (U,Zr) alloy form within the a-Zr(0) b layer (Figure 6 ) . After short 
annealing times, small ct-Zr(o) platelets are present at the edges of the 
(U,Zr) globules.With increasing time, the a-Zr(O) platelets (which contain 
some U) grow in size, consuming large portions of the (U,Zr) globules 
(Figure 6 ) . The formation of small spherical particles at lower temperatures 
and large globules at higher temperatures may be due to the change in inter-
facial energy between the liquid (U,Zr) alloy and the a - Z r ( 0 ) ^ matrix, 
which is determined by the 0 and Zr contents of the (IJ.Zr) alloy and by 
the 0 content of and gradient across the surrounding n - z r t O ) ^ phase /ó/. 
The Zr content of the (u.Zr) alloy decreases with increasing O content 
of the surrounding a-Zr(0) matrix. 

The chemical interaction between U 0 2 and Zry-4 is a diffusion-controlled 
process. The diffusion of oxygen into the zircaloy cladding from the UOj 
is the rate-determining step in the reaction. The reaction obeys a para
bolic rate law. The reaction zone thickness are therefore plotted versus 
the square root of time, as shown at 1500°C in Figure 7. (The reaction 
zones are defined in the sketch in Figure SJ . The affinity of zirconium 
for oxygen, which results in an oxygen gradient across the cladding,is 
the driving force for the UOj/Zry-4 reaction. Therefore, as the cladding 
becomes saturated with oxygen, the parabolic dependence of the reaction 
zone thickness on time changes. Once the a-Zr(0) b layer has reached 
the outside surface of the cladding (after 30 minutes at 150O°C), the 
thicknesses of the individual reaction zones remain essentially constant 
with increasing time, although the total oxygen content of the 
cladding continues to increase up to a maximum measured value of 6 wt.3. 



The total reaction zone was about 870 Um thick for all temperatures 
alter this plateau was reached, which compares to an original wail thick
ness of 725 urn. This increase in cladding thickness is due primarily 
to the penetration of liquid U into the cladding to form the (U,Zr) layer 
or globules. 

The reaction zone growth rates are plotted versus reciprocal temperature 
in an Arrhenius diagram in Figure 8. The depth of oxygen diffusion into 
the cladding from the original U02/Zry-4 interface, in addition to the 
growth of the individual reaction zones, is also important for predicting 
fuel rod behavior. Tungsten marker experiments showed that the original 
interface lies between the [a-Zr(0) a + (U,Zr)] and the (U,Zr) layers 
(Figure 8). Therefore, the thickness of Zone I was substracted from the 
total reaction zone thickness (Zone III) to obtain an adjusted reaction 
zone thickness, and the corresponding growth rate determined. The calculated 
analytical expression for each curve is given in Figure 8, where the growth 
rate coefficient (x2/t) is in (cm 2/s), R is 1.986 cal/mol-K, and T is in 
(K). The darker curve represents the portion of the total reaction zone 
which grows into the cladding, and has been adjusted with respect to the 
position of the original U02/Zry-4 interface. 

The total and adjusted growth rate equations are compared to U0 2/Zr, UO^/ 
Zry-2, and steam/Zry-4 results from the literature in Figure 9. Mallett 
et al examined the uOj/Zr interaction up to 1100°C, and the activation 
energy of 37,000 kcal/mol is somewhat lower than our result of 45,300 kcal/mol 
for the growth of the total reaction zone (Zone III). Grossman and Rooney 
studied the UOj/Zry-Z interaction up to 13000C, and Paul et al up to 
1500°C. The activation energies from the two studies are very similar 
(50,000 and í7,540 kcal/mol, respectively) and somewhat higher than our 
result. The steam/Zry-4 results of six investigations (the growth of the 

a-Zr(0) + Zr0 2 donble layer) are shown as a region in Figure 9. Note 
that the total growth rate curve overlaps the steam/Zry-4 region 
above about HOO°c. That is, the uo2/Zry-4 reaction occurs as rapidly 
as the steam/Zry-4 reaction above about 1100°CTherefore, if tha external 
reaction kinetics alone are used to predict fuel rod embrittlement, 
the time-to-failure can be significantly overestimated (by a factor of 4). 

Oxidation at both the outside and inside surfaces of the cladding must 
be considered to correctly model cladding embrittlement. 

The influence of external pressure (1 to So bar) on the U02/Zry-4 inter
action was investigated at 1400 and 1700°C. In Figure l o , reaction 
layer thickness is plotted versus pressure for the three reaction zones 
at 1400 and 1700°C At 1400°C, the interaction is independent of 
external pressure above about 10 bar, and at 1700°C above about 
5 bar. Internal pressure at room temperature was 1 bar, which 
corresponds to 3.6 bar at 1400°C and 6.6 bar at 1700°C, assuming constant 
internal volume. The actual internal pressure at test temperatures is 
diffucult to calculate because the internal volume at temperature is 
not easily determined. However, the internal pressures were probably 
somewhat higher than 5.6 and 6.6 bar since the internal volume decreases 
with increasing temperature due to the greater thermal expansion of the 

fuel than of the clalding. The significance of these results is that 
o 

at 1400 C a minimum differential pressure of approximately 5 bar is 
required for good U02/Zry contact and uniform reaction layer formation. 
At 1700°C, the interaction is independent of differential pressure in 
the examined range of 1 to 80 bar. That is, differential thermal expansion 
of the fuel and cladding alone is sufficient for good fuel/cladding contact. 
At very low external pressures where the fuel/cladding contact was not 
good, many pores were observed in the a-Zr ÍO)^ phase near the U0 2 inter
face. 
The 0,Zr, and U contents of the individual reaction layers were determined 
by Auger electron spectroscopy (AES) and electron microprobe (EMP) analyses 
of specimens tested at 1500, 1600,and 170O°C. Concentrations of lighter 
eleir.-nts, e.g., oxygen, can be determined very accurately by AES analysis, 
and or heavier elements, e.g., Zr and U, more accurately by EMP analysis. 

EMP results of a specimen tested for 6 minutes at 15oo°c are shown 
graphically in Figure 11, with Zr and U contents in each of the reaction 
layers plotted as functions of distance from the LK^/c-Zr(0)^ interface. 
In the [a-Zr(o> a + (U,Zr) ] region, the results for the ö-ZrtO)^ matrix 
and the (U,Zr) stringers are plotted separately. The CC-ZrlO)^ matrix 
contains up to 10 wt.% U, with an average value of ^ 6 wt.%. The (u,Zr) 



alloy stringers and particles in the a - z r ( 0 ) a region contain up to 

5 w t . S Zr. The (U,Zr) alloy layer or globules contain up to 35 wt.l Zr 

after very short annealing times. With increasing time (and increasing 

O content of the surrounding a-Zr(0) matrix), the Zr content decreases 

to a minimum of wt.% as thu Zr reacts with O to form additional 

a-Zr(O), and the u content increases correspondingly. The a-ZrlOJ^ 

layer contains, in general, no U. 

Of particular importance with respect to cladding embrittlement are the 

maximum 0 content and the 0 distribution across the cladding as functions 

of temperature and time. The AES results of twe- specimens tested for 

3 and 1O0 minutes at 1600°C are shown graphically in Figures 12 and 13, 

respectively. The O and U contents in the 0-ZrfO)^, a - Z r ( 0 ) b , and prior 

ß-Zry matrices are plotted as functions of distance from the U O ^ ^ - Z r (0) ̂  

interface at the top of each figure , with Zr, 0, and U elemental distribution 

maps below. Initially, an 0 gradient exists across the zircaloy from the 

UO^ to the cladding outside surface. The <*-Zr(0) a and ci-ZrtO)^ matrices 

contain up to 6 wt.% O, and the (0,Zr) alloy very little or no 0. 

With increasing time, the 0 gradient across the cladding levels off and 

the total content of the cladding increases up to a maximum of 6 wt.% 

After very long annealing times, the 0 contents of the two Q-Zr(0) matrices 

are about equal and, near the (U,Zr) globules, the K-zrtO)^ matrix also 

contains up to 6 wt.% U . The prior ß-Zry matrix contains up to 3 wt.% 0. 

In no cas,^ does the matrix contain U, even after very long annealing 

times. 

During the UOj/Zry^ interaction, the Zry chemically dissolves the outer 

portion of the U 0 2 pellet. The average posttest pellet diameter of eight 

specimens tested at 1400, 1500, 1600 and 1700°C in which the cladding had 

completely reacted to a-Zr(O) was 8.68 mm. Since the original pellet 
2 

diameter was 9.11 mm, the maximum area of fuel dissolved was 6.01 mm . 
2 

The cross-sectional area of the original pellet was 65.2 mm . There

fore, a maximum of 9.2 volume % of the pellet can be chemically dis

solved by the Zry cladding. In an actual fuel rod, since the U0 2crys-

talline structure is totally destroyed by chemical interaction with the 

Zry, complete volatile fission product release in this region must be 
assumed. 

4. Conclusions 

Out-of-pile UO^Vzry-d chemical interaction experiments in argon from 

1300 to 1700°C and the reaction kinetics have been described. The 

conclusions can be summarized as follows: 

- The extent of the reaction depends decisively on the fuel/cladding 

contact conditions. 

- If solid contact exists, zircaloy reduces the UO^ to form oxygen- „ 

stabilized a-Zr(O) and metallic U. The U reacts with Zr to form a 

(U,Zr) alloy rich in U which is liquid above T,1150°C. 

- The reaction layers form in a particular sequence at all reaction 

temperatures and times: 

[r;o2 + U] * [ a - Z r ( 0 ) a + (u,Zr)J * (U,Zr) alloy * o - Z r ( 0 ) b ->• ß-Zry. 

- In the examined temperature range, the reaction obeys a parabolic 

rate law. The diffusion of O into the cladding is the rate-determining 

step in the reaction. 

- The UC^/Zry-'l reaction occurs as rapidly as the steam/Zry-4 reaction 

above about !100°C. Therefore, oxidation from both the outside and 

inside cladding surfaces occurs 4 times faster than oxidation from 

either surface alone. 

- Oxygen uptake by the Zry causes the cladding to become embrittled. The 

maximum measured 0 content of the a-Zr(O) is T<6wt.%. On cooldown 

and/or during posttest handling, the embrittled specimens break very 

easily. 

- Up to approximately 9 volume % cf the U 0 2 can be chemically dissolved 
by the Zry. In an actual fuel rod, complete release of the volatile 
fission products in this region of the fuel must therefore be 
assumed. 
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Figure 2: Schematic of test conduct in MONA Figure 3: Sequence of the UO-/Zry-4 reaction layers 
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Figure 4: VO^/Zry-A reaction layer appearance as a function of 

temperature (annealing time 10 minutes) 
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Figuro 6: Growth of oxygon-stabilized a-Zr(O) into (U,Zr) globules as 
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a function of time at 1600 C 
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Figure 7: U0_/Zry-4 reaction zone thickness versus Cime (s ) at 1500 C 
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Figure 8: UO^/Zry^ reaction zone growth as a function of reciprocal 
temperature 
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Figure 9: Comparison of the growth rate equations for the UOj/Zry and 

steam/Zry reactions 
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Figure 11: Zr and U contents of the UO^/Zry-^ reaction layers at 150O°C after 

6 minutes (electron microprobe analysis) 

Figure 12: O, Zr, and U contents of the UO^/Zry-^ 

after 3 minutes (AES analysis) 
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Figure 13: O, Zr and U contents of the CO /Zry-4 reaction layers at 1600 
after 100 minutes (AES analysis) 


