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Abstract 

In this paper, the evolution of cracks from the surface of a thick oxide layer on Zircaloy-4 

cladding has been analyzed for the normal operation of pressurized-water reactors.  The 

conditions for the propagation of radial cracks towards the interface, channeling along the axis of 

the cladding, and the possible subsequent spalling of the oxide have been studied.  The analysis 

was conducted by first calculating how the stresses in the oxide developed during operation, 

using a numerical model that incorporates multiple mechanisms such as creep, swelling and 

oxidation.  These calculations demonstrate that the circumferential stresses within the oxide 

increase as oxidation proceeds and as the cladding expands under the effect of fuel swelling.  

Although the intrinsic growth stresses of the oxide are compressive, tensile stresses can 

eventually develop in the outer region of the oxide.  Within this regime, the energy-release rate 

for the radial propagation of a crack was determined using the J-integral along with the 

calculated stress profile.  By assuming a suitable value of toughness for the oxide, it is possible 

to determine the depth to which such a radial crack can grow.  A second fracture-mechanics 

calculation was then conducted to explore the conditions under which such a surface crack can 

subsequently channel along the axial direction of the cladding.  A third fracture-mechanics 

analysis considered oxide spalling.  This showed the possibility of spalling from the radial cracks, 

which leaves a thin layer of the oxide adhered to the metal that can result in a local cold spot 

responsible for hydride formation. 
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1. Introduction 

 The exterior surfaces of fuel rods are exposed to the primary coolant during operation of 

a pressurized-water reactor (PWR).  This results in oxidation of the Zircaloy cladding.  A 

complementary process to oxidation is the formation of hydrogen, which in some cases can 

diffuse into the Zircaloy and form brittle hydrides.  These hydrides tend to precipitate in the 

colder regions of the cladding [1].  Since the oxide layer serves as a thermal barrier against the 

coolant, local cold spots are formed where hydrides may precipitate [2] if the integrity of the 

oxide is compromised by cracking or spalling.  Since the ductility of Zircaloy decreases 

dramatically with an increase in hydride concentration [3, 4], the spalled area can become 

vulnerable to what is termed pellet-cladding-interaction [5] failure.  The intent of this study is to 

explore the mechanics of how an oxide layer might crack and spall as a result of mechanical 

interaction between the pellet and cladding during normal operation of a reactor.  It is important 

to appreciate that this is a study of the radial cracks and spalls that can develop when the oxide is 

thick.  It is not a study of the defects that appear to align parallel to the interface during early 

stages of oxidation, which are sometimes equated to cracks (despite the absence of significant 

radial tensile stresses or obvious signs of buckling). 

An insight into the process is given by the results of the CABRI REP-Na program, 

performed by the French Institut de Radioprotection et de S ret  Nucl air  (IRSN) in the early 

90’s to study what is termed a reactivity-initiated accident (RIA) with irradiated fuel rods [6–9].   

An RIA corresponds to a rapid power transient in a fuel rod over a few milliseconds.  This leads 

to extreme swelling of the fuel pellet, and a strong interaction between the pellet and cladding 
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that can result in oxide spalling.  Various efforts have been made to improve the understanding 

of oxide spalling during an RIA.  For instance, studies were conducted to analyze the 

phenomenon, based on metallographic investigations of the CABRI REP-Na test rods that 

exhibited spalling [10, 11].  Cracking of the oxide layer was explained by implementing a shear-

lag model, with a tensile circumferential stress being generated in the cladding and oxide layer 

because of the swelling of the pellet against the cladding, and being transferred to the oxide layer.  

Also, finite-element calculations were performed by assuming a partially fragmented oxide layer, 

with further fragmentation being assumed to occur during the power transient when the 

circumferential stress in the oxide reached an assumed critical value. 

These previous analyses concentrated on the cracking and spalling of the oxide layer 

during a transient power spike.  The simulations were conducted with pre-oxidized claddings, 

and the characteristics of the oxide layer that can form on fuel rods during long service in a 

reactor were neglected.  However, the stress in the oxide layers of heavily corroded fuel rods can 

be quite significant, and spalling was observed under normal operating conditions on some test 

rods consisting of standard Zircaloy-4 (1.5% Sn) cladding and UO2 fuel before being subjected 

to the RIA transient [8]. 

It is the possible development of stresses and the subsequent crack evolution in the oxide 

layer under normal operating conditions, rather than spalling under an RIA transit, that is studied 

in the present paper.  The model we present incorporates essential mechanisms such as creep, 

swelling, and oxidation into a finite-element simulation.  A cracking analysis is performed, based 

on the stress distribution that is obtained from the model.  In contrast to previous analyses that 

invoked the concept of a fracture strength for a brittle material, we implement a more rigorous 
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fracture-mechanics-based approach to describe the propagation of cracks within the oxide layer.  

2. Model 

The analysis of cracking in the oxide layer consists of three steps: (i) obtaining the stress 

state within the oxide, (ii) using this stress distribution to calculate the depth to which an 

incipient flaw may grow, and (iii) computing the conditions for when this flaw can channel along 

the oxide to form a significant crack.  Therefore, three separate finite-element calculations were 

conducted sequentially.  The first of these captured the stress evolution within the oxide layer 

during service, while the other two were fracture-mechanics calculations. 

2.1 Development of stress in the oxide layer 

2.1.1 Geometry and boundary conditions 

A finite-element model for the fuel rod, including the fuel pellet and cladding, was 

constructed using the commercial software program, ABAQUS.  As shown in Fig. 1, a simplified, 

axisymmetric model was implemented, based on the approximate dimensions of a fuel rod in a 

PWR.  First-order, coupled temperature-displacement, axisymmetric elements with reduced 

integration were used in an implicit calculation.  During the simulation, the displacement and 

temperature fields were solved simultaneously using nonlinear thermomechanical calculations, to 

ensure an appropriate relationship between them.  

The displacements along the axis of the cylinder corresponding to the fuel rod (the z-

direction) were constrained so that the results varied only along the radial r-direction, and the 

analysis was axisymmetric.  An initial gap of 80 µm between the pellet and cladding was 

assumed to be filled with helium gas.  The pressure of this internal gas was set to 4 MPa, and a 
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pressure of 16 MPa associated with the primary coolant [12] was applied to the outer surface of 

the cladding.  Any contact between the pellet and cladding was assumed to be axisymmetric, 

with a normal-hard-contact, finite-sliding, and surface-to-surface formulation.  To prevent 

penetration between the surfaces, the direct method was used for enforcing the constraint in the 

normal direction. 

 Thermal boundary conditions were established by assuming that the fuel rod was initially 

at 300 K.  A uniform power generation of 20 kW/m, a typical value for a PWR [13], was applied 

to the fuel as a body heat flux.  The temperature of the outer surface of the cladding was held at a 

constant value of 600 K, corresponding to the temperature of the primary coolant. 

2.1.2 Model of oxidation and other deformation mechanisms 

Oxidation of zirconium leads to an increase of its volume, with the ratio of the oxide 

volume to the corresponding metal volume (the Pilling-Bedworth ratio) being 1.56 [14].  If the 

unconstrained volume increase from oxidation is assumed to be isotropic, and the material 

behavior is assumed to be elastic, constraint by the metal substrate would result in unrealistically 

high in-plane compressive stresses (around 56 GPa) immediately after oxidation.  Many 

experiments have been designed to estimate the stress in zirconium oxide layers. These have 

been based on curvature measurements [15], XRD [16, 17], and on Raman spectroscopy [18].  

The authors of these studies have reported in-plane compressive stresses in the range of 2  0.2 

GPa at the early stage of oxidation, suggesting that yield occurs immediately after oxide 

formation. We therefore assume that newly formed oxide starts from a condition of an in-plane 

compressive stress equal to 2 GPa.  In the simulation, this was achieved by assigning an 
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appropriate initial in-plane strain to the oxide layer. The out-of-plane strain, which was 

associated with the dimensional change in radial direction, was assigned so as to maintain the 

correct Pilling-Bedworth ratio. 

In the model, the area near the outer surface of the cladding was partitioned into fine 

elements, each of equal thickness as shown in Fig. 1.  The oxidation process was incorporated 

into the simulation by the following steps.  First, the oxide interface was assumed to advance by 

the thickness of one element, and the material properties of the element were changed from those 

of Zircaloy to those of zirconia.  This was implemented into the calculation using field variables 

with the USDFLD subroutine.  The in-plane and out-of-plane strains described above were 

assigned to the transformed element to mimic volume expansion of the element, using the 

UEXPAN subroutine.  Second, creep, thermal expansion and swelling, as appropriate, of the 

UO2 pellet, Zircaloy and oxide layer were implemented through the UEXPAN and CREEP 

subroutines.  The time steps for the calculations were determined by dividing the element 

thickness by the oxidation rate corresponding to the current oxide thickness.  The process was 

repeated for each subsequent layer of elements as oxidation proceeded.  The appropriate 

thickness of the elements was determined by a mesh-sensitivity test.  It was found that a mesh 

size of 1 µm for the particular geometry and conditions used in this study was more than 

adequate to ensure convergence of the stresses in the oxide to a mesh-independent value, within 

acceptable limits of numerical uncertainty. 

Zircaloy exhibits cubic oxidation with periodic breakaway [19], resulting in an 

approximately constant oxidation rate [20, 21].  The appropriate oxidation rate for the standard 

Zircaloy-4 (1.5% Sn) was estimated from experimental data [8], which indicates that the oxide 
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grows to about 80 µm after 54 months at a burn-up level of 60 GWd/t, corresponding to a rate of 

1.48 µm/month. 

The creep calculations for Zircaloy-4 were based on a recent deformation-mechanism 

map that was developed from many decades of experimental creep data [22].  The creep 

parameters for UO2 were taken from an earlier deformation-mechanism map [23].  The creep 

models for both Zircaloy and UO2 incorporated multiple creep mechanisms, including 

dislocation creep, diffusional creep, and power-law creep.  The numerical approach developed in 

Ref. [22] was used, whereby micromechanics models were incorporated into the FEM code, 

allowing all possible creep mechanism to act simultaneously, with the dominant mechanism 

evolving naturally as a function of local stress and temperature.  Obtaining suitable parameters 

for the creep of zirconium oxide was more difficult owing to the lack of appropriate 

experimental studies.  The only available experimental data appear to be for yttria-stabilized 

zirconia [24–26], focusing on diffusional creep at relatively high temperatures (T > 1200 K) and 

low stresses (σ < 300 MPa).  Using the parameters from these studies, it appears that creep of the 

oxide may have a negligible effect on the evolution of stresses within it, so oxide creep was 

ignored in these calculations.  While it is noted that this neglect of oxide creep may influence the 

details of the stresses in the oxide, the broader conclusions of the results presented here are not 

affected. 

 The grain sizes of the Zircaloy, UO2 and zirconia (where needed for the creep 

calculations) were assumed to be 50 µm, 10 µm and 25 nm, respectively.  In addition, the model 

for swelling of UO2, which arises from the accumulation of fission products within the pellet, 
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and the thermal conductivity of the helium in the gap between the pellet and cladding were taken 

from the MATPRO model [27].  Other parameters needed for the analysis, including the elastic 

properties, specific heat, density, thermal conductivity, and thermal expansion coefficients were 

also taken from MATPRO [27].  

2.2 Analysis of the oxide fracture 

2.2.1 Geometry and boundary conditions 

The geometry of the cladding corresponding to a fixed time and thickness of oxide was 

imported into a new model to calculate the fracture mechanics.  In the geometry for this model, a 

radial surface crack was assumed to extend from the surface to a depth a within the oxide. It was 

assumed that the length of this crack along the axis of the cladding was much greater than the 

crack depth, so a two-dimensional model, as in Fig. 2, could be used.  The calculations were 

performed under plane-strain conditions, with crack-tip elements and a refined mesh being used 

near any prospective contact areas, to improve their accuracy.  The material properties were 

assigned fixed values appropriate for a temperature of 600 K. 

Since, the calculations in this section were concerned with the energetics of brittle 

fracture, creep was not included in the fracture calculations.  The radial distribution of 

circumferential stresses at the corresponding time of interest was imported from the analysis 

described in the previous section.  This distribution was represented as a function of radial 

position by using a polynomial fit, and was applied as tractions (of the opposite sign) to both 

surfaces of the crack, using the subroutine DLOAD.  Only mode-І fracture was considered since 

no shear stresses were developed along the plane of the crack within the oxide.  This approach of 

representing a residual stress distribution by a corresponding tractions over the crack surface is a 
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well-established technique in fracture mechanics to calculate crack-driving forces that can be 

used to assess the propensity of a coating or layer to fracture under residual stresses. 

2.2.2 Fracture-mechanics calculations 

Two distinct calculations are required to compute the conditions for crack channeling in a 

coating with a varying distribution of stresses.  The first is to compute the depth to which a radial 

crack might grow perpendicular to the surface (Fig. 3a).  The second is to compute whether a 

crack of this depth can channel along the film, parallel to the surface (Fig. 3b). 

The energy-release rate for radial growth was determined by calculating the value of the 

J-integral for a crack with the corresponding tractions on its surface.  The equilibrium depth was 

then computed by finding the crack depth for which the energy-release rate equals the toughness 

of the oxide.  Once the depth to which a surface crack could grow in a radial direction had been 

established, the conditions for channeling along the length of the cladding (Fig. 3b) were 

computed by a second analysis.  Calculations for the energy-release rate of steady-state 

channeling along a coating can be done by one of two approaches.  One approach is to compare 

the elastic strain energies between an uncracked region far ahead of the channel crack (Fig. 4a) 

and a cracked region (Fig. 4b) far behind the crack tip [28].  An alternative, and more direct 

approach that we use here, is to compute the energy-release rate from the work done by the 

equivalent tractions on the surfaces of the crack that correspond to the circumferential stress 

being relaxed by the crack, as illustrated in Fig. 4c [29].  The conditions for whether channeling 

occurs or not can then be computed by comparing this energy-release rate to the toughness of the 

oxide.  
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Unfortunately, experimental values for the toughness of the oxide appear to be focused 

on the toughened structural material of yttria-stabilized zirconia [30, 31], which may not be very 

relevant to a thermal oxide.  Therefore, the results have been presented in terms of the energy-

release rates.  We have subsequently provided an illustrative example using an estimated value 

for the toughness that would be typical for a ceramic.  But, it is a fairly simple exercise for a 

reader who may have access to more definitive data to calculate what would happen with 

different values of toughness.  In particular, we note that the broad conclusions are not affected 

by the details of the toughness.  The conditions for cracking, channeling and spalling are met 

over a relatively narrow window of oxide thickness for a broad range of toughness values. 

3. Results and discussion 

3.1 Development of stresses in the oxide layer 

3.1.1 Contact between the fuel and cladding 

 During the initial assembly of a fuel rod, there is a gap of about 80 µm between the fuel 

pellet and the interior surface of the cladding.  This gap reduces to about 46 µm immediately 

after the fuel rod enters service, owing to thermal expansion and the elastic effects induced by 

the pressure of the coolant acting on the outer surface of the cladding.  During service, fission 

products lead to swelling of the fuel pellet, while creep leads to shrinkage of the cladding.  Both 

of these effects cause the gap to decrease with time and, eventually, close.  Further swelling of 

the fuel pellet then increases the contact pressure, and the pellet pushes the cladding radially 

outward.  Under the influence of this swelling, the cladding expands by creep of the Zircaloy.  It 

is this creep of the Zircaloy that can eventually lead to fracture of the oxide.  Using the 

parameters and models discussed in Section 2.1, finite-element results for how the gap and 
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contact pressure evolve with time are given in Fig. 5. 

3.1.2 Stress in the oxide layer 

 The effect of interactions between creep, fuel swelling and oxidation can be seen in the 

plot of Fig. 6, which shows how the circumferential stress in the outer layer of the oxide changes 

as oxidation proceeds to a thickness of 100 µm.  Initially, the stress in the outer layer is 

dominated by the compressive growth stress, and the creep-down of the cladding increases the 

magnitude of the compression.  However, once contact between the fuel pellet and the cladding 

occurs, the outwards expansion of the cladding contributes to the development of tension in the 

outer regions of the oxide.  

 Besides the above mechanisms, there are less obvious phenomena that induce changes in 

the stress in the outer regions of the oxide.  Immediately after the fuel rod goes into service, 

thermal expansion increases the circumferential stress at the outer surface of the cladding, while 

elastic effects resulting from the external pressure reduce the stress.  Since the effect of the 

coolant dominates over that of thermal expansion, the outermost surface of the cladding becomes 

slightly compressive before oxidation occurs.  The increase in volume associated with the 

formation of new oxide at the interface with the metal forces the outer oxide layers outwards, in 

the radial direction.  This generates circumferential tension within the outer layers.  A separate 

calculation showed that this contribution to the accumulation of the tensile stress in the 

outermost layer of the oxide is about half the contribution from the fuel swelling for an oxide 

layer with a thickness of 100 µm. This proportion depends on how fast the oxide grows. For a 
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high-corrosion-resistance zirconium alloy (such as low-tin zirconium alloy), where a thinner 

oxide develops under similar operating conditions, fuel swelling is relatively more important. 

 The radial distribution of the circumferential, θθσ , and axial, zzσ , components of the 

stresses is shown in Fig. 7 for a 100 µm-thick oxide layer. The circumferential stress is tensile 

and just under 0.5 GPa at the outmost surface of the oxide layer. This can also been seen in Fig. 

6 for the corresponding length of time.  Figure 7 also illustrates the large compressive stress 

associated with growth at the metal-oxide interface and the transition to tension at about 40 µm 

away from the interface.  Similar plots for how the circumferential stress varies with radial 

distance from the metal-oxide interface are shown in Fig. 8 for oxide thickness in the range of 80 

µm to 120 µm.  It will be seen from this figure that if the oxide is thicker than about 80 µm, sub-

surface regions of tensile stresses develop, whereas if the oxide is thicker than about 90 µm, the 

outer region of the oxide layer also develops tensile circumferential stresses.  In even thicker 

oxides, the tensile stresses become quite large.   

It will be shown in the following section that the tendency for the oxide film to crack 

increases dramatically above a critical thickness.  There is a narrow range of thicknesses below 

which any reasonable value of oxide toughness would not lead to cracking, and above which any 

reasonable value of oxide toughness would lead to extensive crack channeling, multiple cracking, 

and spalling. It should be noted that these thicknesses correspond to a particular oxidation rate. 

As discussed later, the critical thicknesses become lower for lower oxidation rates. 

3.2 Fracture analysis of the oxide cracking 

3.2.1 Crack channeling 
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 As described earlier, the first step in calculating the fracture mechanics of crack 

channeling is to compute the depth of the channel cracks.  This is done by computing the depths 

to which a radial crack might grow in the oxide under the influence of the circumferential 

stresses for different oxide thicknesses.  The change in potential energy available for crack 

growth can be computed directly from the work done by tractions (of the opposite sign to the 

stresses) applied to the surface of a crack.  Specifically, we calculated the J-integral resulting 

from the application of the tractions, and equated this to the energy-release rate.  As will be 

apparent from the plots of energy-release rate against crack depth (Fig. 9), the energy-release rate 

initially increases with crack depth, reaches a maximum, and then drops if a crack becomes deep 

enough to be influenced by the compressive stresses within the oxide.  The smallest flaw that 

could propagate in a radial direction can be found from the minimum crack length for which the 

energy-release rate exceeds the toughness.  Similarly, the depth to which a crack propagates can 

be found from the largest crack size for which the energy-release rate exceeds the toughness.  

 In these calculations, it was assumed that all the cracks extended from the surface.  We 

did not consider the possibility of sub-surface channeling.  As can be seen from Fig. 8, there is 

only a very narrow range of oxide thicknesses, between 80 and 90 µm, for which there is a sub-

surface region of tension with compression on the surface, and for which sub-surface channeling 

might be expected.  Plots of the energy-release rate, Gr, are shown in Fig. 9 (left) as a function of 

crack depth below the surface for four different thicknesses of oxide, h, corresponding to 90 µm, 

100 µm, 110 µm, and 120 µm.  The energy-release rates are calculated for putative cracks of any 

size that extend from the oxide surface (a = 0) to the metal interface (a = h).  As the thickness of 

the oxide increases, the values of the energy-release rates increase dramatically.  In particular, 
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for oxide thickness greater than about 110 µm, the energy-release rate is positive for cracks that 

extend all the way to the interface.  Since the modulus of the Zircaloy is less than the modulus of 

the oxide, one would expect a singular energy-release rate if the crack tip reaches the interface 

[29], so that under these conditions the crack would be drawn slightly into the metal.  This effect 

could just be resolved with the size of mesh used in these calculations for the case of an oxide 

thickness of 120 µm.  As an example, it is possible to see a small kink at the end of the plot for 

the energy-release rate (Fig. 9d (left)) for a crack depth of just less than 120 µm.  

Once the depth of a radial crack has been determined, the conditions under which it might 

channel along the axial direction of the cladding is computed.  By assuming that the crack is 

much longer than its depth, a steady-state energy balance can be used to compute the energy-

release rate for crack channeling Gc.  This is plotted in Fig. 9 (right) as functions of different 

crack depths.  In a similar fashion to radial-crack evolution, the energy-release rate increases 

initially with crack depth, but decreases for deeper cracks, under the effect of the compressive 

stresses near the metal-oxide interface.  As expected, the energy-release rate increases 

significantly as the oxide layer thickens.  In Fig. 9a-c, the plot for the energy-release rate for 

crack channeling, Gc, is truncated for the depth at which the crack tip closes because of the 

compressive stresses. 

The results of the calculations given above allow one to deduce crack depths and 

conditions for channeling, if the toughness of the oxide is known.  Unfortunately, data for the 

toughness of a native-grown oxide of Zircaloy do not seem to exist in the literature.  Most data 

for the toughness of zirconium oxide are for the partially-stabilized forms designed to have a 
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high toughness.  Therefore, owing to the lack of experimental data, we assume a toughness of 

100 J/m2, which is not unreasonable for a poly-crystalline ceramic [32], and use this value to  

illustrate the behavior.  With this value of toughness, no flaws can propagate within an oxide 

thinner than 90 µm.  Provided there are initial flaws greater than about 13 µm, cracks can grow 

and channel to a depth of about 74 µm for a 100 µm thick oxide.  Similarly, with an initial flaw 

size larger than about 5 µm, cracks can grow and channel to a depth of about 101 µm for a 110 

µm thick oxide.  For an oxide thickness of 120 µm, initial flaws deeper than 3 µm can propagate 

to the metal-oxide interface.  These may penetrate into the substrate as discussed above, and then 

channel through the oxide with their tips in the cladding.  As mentioned previously, the energy-

release rate increases significantly with increases in the thickness of oxide layer, so different 

values of toughness will provide similar conclusions, although the details of the crack depths will 

be different.  Not considered in this analysis is what happens when the energy-release rate for 

channeling becomes sufficiently large for multiple channels to propagate [33–36], as observed in 

the cross-section metallography of CABRI REP-Na test rods [10]. 

3.2.2 Spalling analysis 

A radial crack propagating down through a layer under residual tension can kink and 

propagate parallel to the interface, causing spalling [37].   The depth at which this spalling will 

occur can be determined by finding the depth at which the crack-tip phase angle of a 

circumferential crack originating from a radial crack is zero [37].  The phase angle can be 

expressed as ( )1tan /II IK Kψ −= , where KI and KII are the mode-I and mode-II stress-intensity 

factors, respectively.  A mode-II component of the stress-intensity factor will tend to drive the 

crack out of the plane in which it is propagating.  Therefore, by finding the depth at which the 
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phase angle is zero, the depth of the steady-state trajectory can be found [37]. 

The effects of the tractions required to relax the circumferential stresses, θθσ , that act on 

the surface of the radial crack can be expressed in terms of an equivalent load, P, and an 

equivalent moment, M (Fig. 10a): 

  
h

h d
P drθθσ

−
= ∫          (1) 

  ( )/
h

h d
M P d rdrθθσ

−
= −∫       (2) 

where d is the depth of the circumferential crack, and h is the oxide thickness.   If one makes the 

assumption that the curvature of the circumferential crack is large compared to d, and neglects 

the modulus mismatch across the oxide-metal interface, the results of Ref. [37] indicate that 

ψ = 0 when d = 2.7M/P. As shown in Fig. 10b, if the crack deviates closer to the top free surface, 

the sign of the mode-II stress-intensity factor will drive it down.  If the crack deviates closer to 

the oxide-metal interface, the sign of the mode-II stress-intensity factor will drive it up [37].  

Therefore, this is the depth at which such a crack would propagate in a stable trajectory. 

 The results of these calculations are shown in Fig. 11 for different values of h.  The 

intersection of the two lines shows the spall depth.  For the case of an oxide thickness of 90 µm, 

the radial crack cannot propagate to the depth ds corresponding to the mode-II = 0 plane in Fig. 

11a, no matter how brittle the oxide is assumed to be (see Fig. 9a for the energy-release rate at a 

crack depth of ds).  So spalling would not occur for this thickness of oxide.  On the other hand, 

the radial crack can grow below the possible spall depth if the oxide is thicker than about 100 µm 

for a toughness of about 100 J/m2 (see Fig. 9b for the energy-release rate at the corresponding 
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crack depth of ds in Fig. 11b).  In this case, spalling can possibly occur.  Conversely, Fig. 11c 

indicates that spalling can occur 19 µm above the metal-oxide interface for the 110 µm thick 

oxide even for a toughness as high as 600 J/m2 (see Fig. 9c for the energy-release rate at the 

corresponding crack depth of ds in Fig. 11c).  We further verified that spalling is 

thermodynamically viable at the possible spall depths by calculating the corresponding energy-

release rates [37].  The calculated depth of the spalls is above the metal-oxide interface, so they 

would leave a thin layer of oxide adhered to the metal, as is sometimes observed experimentally 

[10].  

Finally, it is noted that experimental observations indicate the existence of periodic bands 

of high-porosity that develop in the oxide layer parallel to the metal-oxide interface [38]. These 

could result in an ever lower fracture toughness parallel to the interface than we have assumed, 

which would further enhance spalling by the phenomena proposed. 

3.3 Effect of alloy composition of the cladding 

The alloy composition, such as the level of tin in the cladding, can affect the oxidation 

and creep rate [39, 40]. Here we provide a discussion on the effects of these rates to put our 

analysis in a broader perspective with regard to different claddings. 

Cracking and spalling of the oxide layer are caused by the tensile circumferential stresses 

that develop in the oxide layer. These stresses come mostly from contact between the pellet and 

cladding. Simulations showed that similar levels of stress developed in thinner oxides with lower 

oxidation rates. This arises because the time for the pellet to contact the cladding is dictated by 

the pellet swelling rate and the cladding creep rate. Therefore, a lower oxidation rate leads to a 
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thinner oxide layer at the time when contact occurs. Furthermore, the subsequent evolution of 

circumferential stresses is dictated by the swelling rate. Therefore, less oxide grows before the 

stresses reach a critical level. As a result, cracking tends to occur in a thinner oxide layer with 

lower oxidation rate. This can explain experimental observations of oxide delamination from 

advanced zirconium alloys (AXIOM) cladding at a relatively thin oxide thickness because of the 

lower oxidation rate [41]. 

The diffusional creep rate of the cladding depends on the composition and grain size. 

With a higher creep rate, the contact between pellet and cladding occurs sooner owing to faster 

creep-down of the cladding. Thus, a higher creep rate leads to an earlier development of tensile 

circumferential stresses within the oxide layer. Therefore, generally speaking, cracking and 

spalling occurs when the oxide is thinner, if the creep rate is higher. 

4. Conclusion 

 A finite-element model to study the evolution of radial cracks in the oxide that lead to 

spalling under normal operating conditions was constructed by incorporating the multiple 

mechanisms of creep, swelling and oxidation.  First, an analysis of the development of stresses in 

the oxide was conducted.  Before contact occurs between the fuel pellet and cladding, the 

circumferential stress in the outer oxide layer is initially very compressive owing to growth 

stresses.  This compression increases as the cladding creeps down to the pellet.  However, 

volume expansion associated with newly formed oxide at the interface induces a tensile 

contribution to the stresses in the outer regions of the oxide formed earlier.  Swelling of the fuel 

pellet after contact with the cladding further induces a strong tension in the oxide layer by 

pushing the cladding outward.  With the combined effects of these two phenomena, the 
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circumferential stress in the outer region of the oxide becomes tensile after a critical thickness. 

 A cracking analysis in the oxide layer was performed by using the calculated values of 

the circumferential stress.  The crack depth for crack channeling was determined by calculating 

the energy-release rate for extending radial cracks into the oxide.  This analysis showed that 

energy-release rate increases dramatically as the oxide thickness increases.  Subsequently, the 

steady-state energy-release rate for crack channeling was computed.  The results indicated that 

this value also increases dramatically with oxide thickness.  The results could be classified into 

three cases depending on the thickness and toughness of the oxide layer: (i) radial cracking 

without channeling, (ii) channel cracking within the oxide, and (iii) channel crack through the 

entire oxide and possibly penetrating into the metal.  Corresponding spall depths were also 

calculated; these indicated that spalling will leave a thin oxide layer adhered to the metal, as 

occasionally observed experimentally. 

 As distinct from previous studies that have concentrated on oxide spalling under transient 

conditions comparable to RIA, the present study emphasizes spalling under normal operating 

conditions for PWRs.  This gives an explanation for cracking of the oxide layer during service.  

A fuller extension could be developed by introducing the concept of periodic cracking. 
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