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ABSTRACT 

 
Several high-burnup PWR-fuel-claddings associated to high corrosion levels have been subjected to RIA 

transients in the CABRI facility. The zirconia layer surrounding the Zircaloy-4 fuel rods exhibited a complex 
behavior during the RIA transients. Regularly spaced incipient cracks are initiated in the zirconia layer and stop 
at the Zircaloy interface beneath the oxide. These cracks are mainly initiated in the direction normal to the 
maximum principal stress. The crack density in post-test metallographies appears to be tightly linked to the 
maximum applied strain. This cracking process is sometimes followed by oxide spalling. Oxide spalling has a 
major impact on thermal-mechanical fuel rod behavior during such transients, thus the understanding and 
modeling of spallation is an issue that deserves attention. The present paper provides a quantitative analysis of 
the related data generated within the scope of the CABRI REP-Na tests, in the last decade, and more recently in 
the first tests of the CABRI Water loop program. A link with several other mechanical testing programs such as 
tensile tests, creep tests is also established. 

 
Keywords: RIA, zirconium, Zircaloy, M5, ZIRLO, zirconia, cracking. 
 
 

1. INTRODUCTION 
 
The trend in the nuclear industry is to increase the fuel burnup in order to minimize the costs of 

electric-power generation. One of the important aspect for burnup increase acceptation by regulatory institutions, 
is to demonstrate that the fuel rod degradation has no unsafe consequences on the core integrity during a 
Reactivity Initiated Accident (RIA). The “Institut de Protection et de Sûreté Nucléaire” (IRSN) has been 
involved for several years in RIA tests dedicated to PWR burnup extensions with partners from EDF and 
US-NRC. A first PWR program (presented with further details by Papin (2003)), named CABRI REP-Na, was 
carried out in the CABRI facility operated by the “Commissariat à l’Energie Atomique” with a sodium loop. And 
a new program, named CABRI International Program (CIP, including a wide range of partners of several 
countries), started in 2001 aiming at increasing the representativity of the tests by including a pressurized 
water-loop.  
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The CABRI REP-Na program included twelve tests (eight UO2 fuel rods and four MOX rods) and the CIP 
program includes up to now two tests on UO2 fuel rods all performed in the sodium loop mainly on high burnup 
fuel rods. 

 
The high burnup fuel rods are usually affected by cladding corrosion during in pile irradiation, covering both 

sides of the cladding. An Outer Diameter (OD) zirconia layer is created by primary water corrosion. This 
zirconia layer can reach a 100 micron thickness after five irradiation cycles for Zircaloy-4 cladding and about 20 
microns for M5TM improved cladding alloy. An Inner Diameter (ID) zirconia layer is created after the 
fuel-cladding gap closure (as a consequence of the irradiation-induced cladding creep and fuel swelling) by 
cladding oxidation by the fuel. The ID zirconia layer is usually 10 to 20 microns thick. 

 
The post test examinations revealed that a RIA transient on a high burnup fuel rod had potentially two main 

effects on the brittle zirconia layers: initiation of a set of regularly spaced radially-axially oriented cracks in the 
brittle oxide at both ID and OD layers and oxide spallation at the OD side only. 

 
The zirconia layer, which is a very efficient thermal insulator, has a major influence on the 

thermal-mechanical behavior of the fuel rod. It is thus of prime importance to analyze the mechanical behavior 
of this layer and the cause of oxide spallation. 

 
The present paper provides an analysis of the data related to the oxide layer behavior during the CABRI RIA 

tests. The existing links with other tests on oxidized fuel rods will also be established in this paper. The behavior 
of oxide layers can also be linked to a more general framework: the behavior of thin brittle coatings covering 
ductile substrates. 

2. BEHAVIOR OF FUEL-CLADDING OXIDE LAYERS DURING RIA TRANSIENTS 
 
Extensive oxide layer transient spallation has been observed after most of the CABRI RIA tests at the OD, 

especially for oxide layer thickness exceeding 35 microns. Fig.1 shows the REP-Na 4 post-test appearance with 
strong spallation. Before the RIA transient the OD oxide layer was uniform and unspalled with an oxide layer 
approximately 80 microns thick in the OD. 

 

Remaining oxide (bright)

Spalled oxide layer (dark)

 

Fig.1. REP-Na 4 post-test oxide-layer appearance. 
It is also interesting to look at the remaining oxide fragments using cross-section metallography. As an 

illustration, Fig.2 shows the RC-3 cross-section after the REP-Na 8 test. The oxide layer in the REP-Na 8 test 
was approximately 130 microns thick. This post-test examination shows a set of regularly spaced radially-axially 
oriented cracks propagating through the oxide. There is also incipient oxide spalling on the bottom part of the 
picture. 
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Fig.2. Detail of the REP-Na 8 RC-3 cross-section. 
 
Considering the post-test appearance of the ID zirconia layer, illustrated in Fig.3 quite similar features can 

be observed. There is a set of regularly spaced cracks along the ID zirconia layer. The cracks propagate radially  
significantly into the fuel, and one of the two crack tips stops at the cladding-oxide interface with sometimes 
limited propagation into the cladding particularly for high energy injection tests.  

 
After the REP-Na 9 test, the crack penetration into the cladding at the ID side reached 10 to 20 microns, and 

there was no evidence of incipient cracks penetrating significantly into the cladding at the OD side. Very similar 
behavior was observed by Einziger (1982) during creep tests on irradiated fuel rods. The crack penetration in the 
cladding was attributed to oxygen diffusion from the oxide layer into the Zircaloy-4 cladding creating a thin 
layer of oxygen embrittled alpha phase. The ID side cladding embrittlement is thus a time-temperature 
dependent process. This explanation is consistent with the fact that no significant crack penetration could be 
observed at the OD side of the cladding in the REP-Na 9 test because the OD side is significantly colder due to 
the sodium cooling efficiency. 

 
 
 
 
 
 
 
 
 
 

Fig.3. Detail of the cladding ID side on a cross-section after a CABRI REP-Na test. 
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The external area of the fuel is submitted to compressive stresses during the first phase of the RIA transient. 
Thus the cracks in the fuel are assumed to be created during the cool down after the RIA transient. There is a 
strong bonding between the fuel and the cladding in high burnup fuel rods. And the thermal dilatation mismatch 
between the fuel and the cladding implies that with residual plastic-strains in the cladding, the fuel needs to 
crack several times at the ID side to remain bonded to the deformed cladding during the cool down phase. 

3. INTERPRETATION OF OXIDE LAYER CRACKING PROCESS  
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Grosskreutz (1969) described theoretically and experimentally the cracking process of thin surface coatings 
on a substrate submitted to tensile strains. In this study the crack density in the brittle coating was demonstrated 
to be linked to the applied strain. McGuigan (2003) proposed an elastic model that can be extrapolated to a 
ductile behavior of the substrate. For explanation purposes only, it is assumed that the shear stress at the bonding 
of oxide/Zircaloy-4, interface is linear as illustrated in Fig.4. It is also assumed that the tensile stress in the x 
direction is constant through the oxide thickness. A simple beam equilibrium equation can then be used that links 
the tensile stress to the shear stress as shown in Fig. 4. The tensile stress in the oxide follows a parabolic profile 
with a maximum value in the middle of the oxide fragment. 
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Fig. 4. Simplified elastic model of the zirconia layered cladding. 
 

In the simple model presented in the Fig.4, the maximum stress in the middle of the oxide fragment is: 

2
4

0
0

ZrOe
dτ

σ =

 
The maximum shear stress at the cladding-oxide interface, τ, depends linearly on the applied strain for linear 

elasticity. For an increasing applied strain in the Zircaloy, the stress in the middle of the oxide fragment increases 
and can reach the fracture stress of the oxide (σR). When this occurs, the fragment is divided into two fragments 
of half of the initial size and the stress in the two small new fragments is divided by two, and falls below the 
fracture stress of the zirconia. Thus, there is an iterative process which creates progressively smaller and smaller 
fragments. 

 
Assuming that the Zircaloy-4 follows an elastic perfectly plastic behavior, the shear stress at the 

oxide-cladding interface cannot exceed the yielding conditions of the Zircaloy-4 (σY: yield stress of the 
cladding), thus the asymptotic crack spacing corresponds approximately to: 
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There is, this way, a crack spacing saturation for high levels of applied strain such that a strain increase will 

directly lead to crack opening increase rather than to the creation of new cracks. 
 

The fracture process of the oxide also depends on the oxide thickness. This parameter will have to be taken 
into account. In our analysis, due to the limited amount of available data, we will divide the data into groups 
having similar oxide layer thickness. 

 
Strawbridge (1995) analyzing the spallation of coatings remarked that the maximum shear stress takes place 

at the location of the crack tips of the brittle layer. This shear stress is the driving force for oxide-cladding 
boundary interfacial delamination. The transient spalling during a RIA is expected to start close to the crack tips 
by interfacial delamination. 

 
For thin brittle coatings layering a ductile substrate, the expected trend of oxide damage evolution during 

straining, as proposed by Chen (1999) is summarized in Fig. 5. The oxide crack density increases with applied 
strain and saturates for large plastic strains. Cracks parallel to the applied load appear after saturation in the 
cross-linking phase and for very high strain there is brittle layer spallation. The oxide layer spallation strain will 
depend on the strength of the oxide-Zircaloy-4 bonding but also on the crack density. 
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Fig.5. Schematic view of oxide damage versus applied strain. 
 
It is interesting to connect our understanding of the damage process of the zirconia layer during a 

mechanical transient to a burst test, because a wide range of residual strain levels can be observed after a burst 
test starting from uniform elongation up to total elongation. Fig.6 shows a burst test on a high burnup oxidized 
cladding, oxide cracking, cross-linking and spalling can be observed in this figure. 
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Fig.6. Outer diameter zirconia layer damaged after a burst test 
 
When there are no residual strains, the cracks in the oxide cannot be observed on post-test metallography 

because there is crack closure when downloading in the elastic range. We are dealing here only with cracks that 
can be observed on post-test metallography. Consequently in the range of elastic strains we expect to find no 
cracks in the oxide. 

The described models are certainly too simple and only intended to support the processes description and 
main parameters.  For example the weak sites of the oxide are porosities, the biggest porosity will be 
preferential site to crack the oxide. For an increasing applied load, progressively, when the cracks form the 
weakest point of the oxide corresponds to smaller and smaller porosities, and thus the fracture stress increases. 
Another potentially weak point of the proposed model is that the residual stresses due to the creation of the 
zirconia layer are not taken into account, but their influence seems to be negligible in the cracking process. 

4. DATA COLLECTION ON OXIDE CRACKING 
 
The strain was not systematically measured on the performed metallographies and thus all of them cannot be 

used to analyze the cracking process. The transient spalling made it sometimes impossible to assess the crack 
spacing, because there was not enough remaining oxide at the outer surface. For the metallographies for which 
strain measurement was performed and for which the oxide crack spacing could be assessed, the data has been 
gathered in table 1 (for metallographic cuts “RC” indicates that it is a cross-section metallography and “AC” 
indicates that it is an axial cut). There are some local variations in crack spacing as illustrated in Fig.2, average 
crack spacing was thus reported in table 1. The strain measurements are systematically performed at the cladding 
OD. Two of the rods had M5TM cladding, another had ZIRLOTM cladding, and all other rods had cold-worked 
stress-relieved Zircaloy-4 cladding. 

 

Table 1. Data collected on oxide cracking from the CABRI RIA PWR tests. 
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Metallographic cut Location
(OD/ID)

Oxide layer 
thickness (µm) 

Residual 
strain (%) 

average crack 
spacing (µm) 

RC ID 5 7 26 
RC ID 10 0.4 110 
RC ID 5 2.5 44 
RC ID 8 2.10 28 
RC ID 10 1.00 40 
RC ID 10 0.26 160 
RC ID 10 2.60 53 
RC ID 10 0.60 45 
RC ID 10 2.50 45 
RC ID 10 0.90 58 
RC ID 10 0.50 75 
RC ID 10 0.27 130 
RC OD 40 2.10 142 
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AC OD 50 1.20 210 
RC OD 80 0.26 1670 
RC OD 110 0.90 259 
RC OD 110 0.40 500 
RC OD 110 1.10 263 
RC OD 35 2.50 131 
RC OD 80 0.90 190 

 
Data was also collected from some of the PROMETRA program tests. The PROMETRA program is 

dedicated to tensile tests on high burnup cladding, it is a support program to the CABRI RIA tests described by 
Desquines (2004). The two tests gathered in Table 2 are hoop tensile tests performed at CEA Grenoble on plain 
rings. On these tests, there was a remaining layer of fuel because the defueling was performed by drilling and the 
strain measurement was monitored as usual during mechanical testing. The average crack spacing was derived in 
the gage section using very detailed post-test metallography. 

Table 2. Data collected on oxide cracking from the PROMETRA tests on high burnup 
Zircaloy-4 cladding samples. 

Test Location 
(OD/ID) 

Oxide layer 
thickness (µm) 

Residual strain 
(%) 

average crack 
spacing (µm) 

Q02-557 ID 10 2.00 36 
Q02-566 ID 10 1.50 43 

 
Relevant data was also reported on oxidized non-irradiated recristallized Zircaloy-4 by Berat-Robert (2000). 

The performed tests are summarized in Table 3. 
 

Table 3. Creep and burst tests from Berat-Robert (2000) 
Test Location 

(OD/ID) 
Oxide layer 

thickness (µm)
Residual strain 

(%) 
average crack spacing 

(µm) 

CREEP-1 OD 1 3.50 19.0 
CREEP-2 OD 5 1.30 43.0 
CREEP-3 OD 10 0.80 58.0 
BURST-1 OD 1 2.80 13.0 
BURST-2 OD 10 2.70 44.0 

 

5. ANALYZING THE COLLECTED DATA  
Because the oxide crack spacing is expected to depend on both applied strain and oxide thickness, the 

CABRI data was divided into two main groups: ID or OD oxide thinner than 20 microns and ID or OD oxide 
thicker than 35 microns. 

If we consider the CABRI data, there is only ID oxide data in the first group and in the second one there is 
only OD data. Figs. 7 and 8 show the plot of average crack spacing versus residual strain for thin oxide layers 
and thick oxide layers. 
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Fig.7. Average crack spacing versus applied strains for thin oxide layers 
 
The Fig.7 shows that OD oxide layered specimens with oxide thickness in the range of 5 to 10 microns from 

Berat-Robert (2000) creep and burst tests are in good agreement with the CABRI RIA test results on ID oxide 
layer (including potential fuel influence). This result suggests that there is limited influence of the fuel on the ID 
oxide layer cracking process, and that the kind of oxide (ID or OD oxide) can be studied together. For very thin 
oxide layers with 1 micron thickness, the crack spacing is smaller as expected from theoretical models. 
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Fig.8. Average crack spacing versus applied strains for thick oxide layers 
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In the Fig.8 corresponding to large oxide thickness there is a larger crack spacing, as expected.  
 
In Fig.7 as well as in Fig.8, a very good consistency between the results shows that the crack spacing mainly 

depends on the applied strain and to a lesser extent on oxide thickness. For high strain levels the curves are flat 
and weakly depend on the applied strain as expected from theoretical models. But for lower strains, below 
approximately 1%, the strain dependency is strong. This result is quite interesting because small strains are 
usually difficult to measure and the proposed curves offer a possible way to evaluate local strains based on 
metallography analysis. For RIA analysis, the crack spacing measurement at the OD is not always possible 
because of the transient spalling during the test, for this reason the ID crack spacing measurement is a better 
suited technique to determine local strains specially below 1% residual strain. 

5. CONCLUSIONS  
 
The cracking oxide pattern during RIA experiments on high burnup fuel rods was studied. Theoretical and 

experimental analysis on zirconium oxide behavior and fracture during RIA transients, creep tests, hoop tensile 
tests and burst tests show that the observed behavior can be connected to the well established theoretical results 
on brittle thin films coating on a ductile substrate. 

 
A very regular crack spacing can be observed in the oxide that decreases with applied strain and increases 

with oxide thickness. No significant difference could be observed between ID or OD oxide layers except the 
influence of oxide thickness. 

 
Similar results on oxide cracking were obtained on a fresh cladding with a thin oxide layer at the OD and an 

irradiated cladding with fuel and a thin zirconia layer bonding the fuel and the cladding at the ID. It can be 
reasonably concluded that the cracking behavior is not significantly influenced by the fuel and the irradiation, at 
least for thin oxide layers. 

 
The curves provided can be used to assess the residual strain level after a mechanical transient. The accuracy 

of the proposed method is well suited for small residual strain measurements, below 1%. This method might be 
particularly useful because small strains are usually difficult to measure. Another interest of the proposed 
assessment is that it provides a local strain measurement, whereas profilometry can only provide diameter 
change. 

 
The oxide cracking process will influence the degree of zirconia layer spallation observed in several CABRI 

RIA tests. Further efforts are now required in order to model the oxide spallation. 
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