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This report summarizes the review on the modeling features of FEMAXI code and

proposal of a new theoretical equation model of clad creep on the basis of irradiation-

induced microstructure change.

It was pointed out that plutonium build-up in fuel matrix and non-uniform radial

power profile at high burn-up affect significantly fuel behavior through the

interconnected effects with such phenomena as clad irradiation-induced creep, fission gas

release, fuel thermal conductivity degradation, rim porous band formation and associated

fuel swelling. Therefore, these combined effects should be properly incorporated into the

models of the FEMAXI code so that the code can carry out numerical analysis at the level

of accuracy and elaboration that modern experimental data obtained in test reactors have.

Also, the proposed new mechanistic clad creep model has a general formalism

which allows the model to be flexibly applied for clad behavior analysis under normal

operation conditions and power transients as well for Zr-based clad materials by the use

of established out-of-pile mechanical properties. The model has been tested against

experimental data, while further verification is needed with specific emphasis on power

ramps and transients.
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1. INTRODUCTION

The temperature distribution in LWR fuels controls most of the physical processes

having taken place during irradiation. With burnup increase thermal properties of fuel rods

become more and more important since burnup-induced effects and enhancement of kinetic

processes such as fission gas release, thermal conductivity degradation, micro restructuring

and formation of high burnup UO2 structure in the rim region of fuel. Proper understanding

and adequate prediction of fuel thermal response are of prime importance for evaluation of

fuel rod performance under base load irradiation conditions and transients.

The computer codes such as FEMAXI, FRAPCON and TRANSURANUS (most

advanced among many others) are complex tools where many models for individual

processes are incorporated and integrated in one body. The thermomechanical models in

these codes have been extensively benchmarked. The database was established through

measurements in research reactors and post irradiation examinations of tested and full scale

commercial fuel rods. This is extremely important to validate thermal behaviuor of fuel rods.

But the nature of burnup or fluence induced effects both in cladding and fuel matrix is still

not so clear and need more analytical (mechanistic) models applicable for transients, post-

transients and steady state conditions.

It is important to notice that the higher fuel burnup in commercial LWR reactors the

higher role of theoretical models because of the flexibility that they can provide. The main

issue is verification and validation of them, but that is the next step, which should be made.

Empirical and semi-empirical models rely on experimental data and their flexibility in term

of applicability for scientific analysis of fuel rod performance is easily questionable beyond

the validated range. This is inherent limitation.

The point is that high burnup phenomena are known mainly due to post irradiation tests

and only a few in-pile measurements of central temperature and integral fission gas release

are available from Halden HBWR reactor, French, German and Japanese research facilities

where conditions differ considerably from actual conditions at commercial reactors.

Furthermore, integral parameters can only confirm importance of high burnup-induced

phenomena but do not investigate them. Again, theoretical modelling establishes reasonable

bridge between experiments and practical applications that should be made based upon

them.

- 1 -
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Commercial LWR fuel rods late in reactor life experience gap closing and pellet-clad

interaction becomes one of the dominant factors leading to coupling thermal and mechanical

analysis. Irradiation influences the rate of clad creep down, gap close and response on

changes in operation conditions. The special focus for modelling is on accumulating of

defects and micro-structural changes in polycrystalline clad materials influencing creep rate

and radiation growth.

An accurate calculation of fuel and cladding deformation is necessary in any fuel rod

response analysis because the heat transfer coefficient across the fuel-cladding gap is a

function of both the effective fuel-cladding gap size and the fuel-cladding interfacial

pressure. In addition, an accurate calculation of stresses in the cladding is needed to

accurately calculate the onset of cladding failure (and subsequent release of fission

products). Practically important question is how much relaxation cladding can have after

long base irradiation or being subjected to RAMP transients. That is why theoretical

modeling of creep phenomena is needed. However, complexity of such model should be

properly adjusted to complexity of fuel performance code being used for thermomechanical

analysis, in this particular case for FEMAXI code.

One specific effect plays a special role both in thermal and mechanical response

analysis. This is formation of high burnup UO2 structure accomplished with development of

porous (spongy like) band in the rim region due to extremely high local burnup caused by

plutonium buildup. Generally, the burnup at the rim is about twice as high as the average

cross-sectional value. Porous band looks like a multiphase system containing very fine sub-

micron UO2 particles and a population of faceted gas pores. The width of the porous band

apparently increased with burnup and it is around 50 f̂ m wide at « 45 MWd/kgU and more

than 120-150 um wide at cross-sectional burnup > 55 MWd/kgU.

Naturally, the porous band at high fuel burnup plays a role of additional thermal barrier

due to highly degraded local thermal conductivity and increase in percentage of gas

porosity. The latter is 10 to 50 % of theoretical UO2 density. However, under normal steady

state irradiation conditions in a commercial power reactor the rim porous band does not

seem contribute greatly to integral fission gas release with burnup increase because the

linear heat rate and fuel temperature decrease with each successive reactor cycle.

- 2 -



JAERI-Research 99-069

Nevertheless, reactor-history dependence of specific high burnup UO2 structure

development at the fuel surface can cause the onset of hard pellet-clad interaction when the

rate of contra (relaxation) process in fuel and cladding are low due to temperature and

hardening effect correspondingly.

At power transients situation might be even more dramatic. The higher accumulated

cross-sectional burnup the higher fuel temperature and integral fission gas release. This is

mainly because of the deterioration in the fuel thermal conductivity with burnup in volume

and in the rim, particularly, the porous band which is very effective thermal barrier and

additional powerful source of fission gas release to free volume.

The process by which the porous band at the UO2 surface forms has not been yet

established beyond doubt and there is strong necessity in developing mechanistic model for

that. It appears certain due to a number of investigations [1-5] that it is a consequence of the

high local burnup and fission gas concentrations, which are due to a buildup of fissile

plutonium isotopes 239Pu and 24lPu.

This report describes a new original model, which is clad creep model, following

analysis of the FEMAXI code models of special interest in a context of LWR fuel rod

behaviour at high burnup.

- 3 -
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2. ANALYSIS OF THE FEMAXI CODE

The principal tools of one of the prime importance in Fuel Safety Research Laboratory

of JAERI are FEMAXI-IV and FEMAXI-V codes [6,7].

Several models are of special importance for accurate prediction of LWR fuel behaviuor

at high burnup. These are

1. Fission gas generation, distribution through intra-granular and inter-granular gas bubbles

and release to free fuel rod volume

2. Fuel thermal conductivity degradation in conjunction with formation of high burnup

UO2 microstructure

3. Radial power and temperature profiles, fission products and plutonium buildup

distributions

4. Rim porous band formation and relationship between its properties and fuel rod thermal-

mechanical response at high burnup

5. Fuel swelling due to high burnup and temperature induced formation of structural zones

with specific properties across UO2 fuel radius

6. Fuel pellet cracking, fragmentation and relocation

7. Cladding creep and related properties

8. Fuel side oxidation of cladding with burnup

9. Hot pressing and creep of UO2 fuel under external PCI induced stresses at high burnup

10. Fuel-to-clad gap conductance

The review of these phenomena in relation with FEMAXI code is given bellow.

- 4 -
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2.1 Fission Gas Release

In FEMAXI code, an equivalent sphere model is adopted to simulate the fission gas

release [7]. The model allows prediction of beyond the range of experimental data, which

cannot be supported by an empirical modeling. Fission gas release model is mechanistic

model by status and considers two-stage release mechanism, that is diffusion of gas atoms to

grain boundaries and saturation of grain boundaries accomplished by formation of inter-

granular channels (bubbles) connected to fuel rod free volume. Additional fission gas release

is assumed due to sweeping of gas atoms to grain boundaries by grain growth if temperature

is high enough to support the process. Irradiation-induced resolution of gas atoms from

tunnels (inter-granular bubbles) provides balance of gas atom concentration remaining if

grain volume. The volume diffusion is considered accompanied by trapping of diffusing gas

atoms at intra-granular gas bubbles. The partial amounts of gas atoms trapped at the bubbles

and in a lattice are controlled by trapping and re-solution probabilities, which are calculated

model parameters. The code prediction for benchmark cases [8] gives very satisfactory

results for calculated fission gas release against qualified experimental data [9]. However,

some modifications might improve flexibility of the fission gas model in FEMAXI code.

Consideration of intragranular bubble formation seems too simplified. For instance, the

number of bubbles generated per each fission fragment is assumed constant, i.e. 24 bubbles

per fission fragment. Meanwhile, there are strong experimental evidences that the density of

intragranular bubbles is a function of fission rate, temperature and concentration of fission

gas atoms in grain volume [9-12]. Furthermore, under irradiation up to high burnup the

development of intragranular bubbles is bimodal. In addition to bubbles with high volume

density and small sizes, which are 1017-1018 per cm3 by order and 1 to 6 nm in diameter

correspondingly, the intragranular bubbles with low volume density (1015/cm3) and large

sizes (10 to 200 nm) are formed [2]. Low-density population is able to accumulate a

considerable amount of fission gas atoms generated in volume and virtually reduce

concentration of lattice gas and local fission gas release to tunnels and free volume. This is

essential for thermal response analysis during power transients late in fuel life.

Another modification that might be necessary is related to probability of resolution (re-

dissolution) of gas atoms into the matrix from intragranular bubbles caused by interaction

with passing high energetic fission fragments. In presently used model this probability is

postulated to be proportional to square average size of intragranular bubbles. The point is

that regular (small) intragranular bubbles hardly can survive in a collision with fission

5
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fragment creating local distraction (displacement spike) of approximately 6 urn long and 10

ran in a diameter. A single fission fragment colliding with, or passing close to them, may

destroy completely the bubbles. Because of this, the life of intragranular bubbles is limited

and depends on fission rate density and volume covered by two fission fragments. In other

words the resolution probability in volume is dynamic factor, which is rather independent (!)

of size of intragranular bubbles. The available experimental evidences [13, 14] favor such

interpretation [15] of the re-solution process, and have indicated [13] that instantaneous

bubble destruction is most likely possible for bubbles up to 14 to 34 run diameter. This

correction should redefine balance between gas atoms in lattice and bubbles.

Next two remarks are more general.

The FEMAXI code has adopted the diffusion coefficient derived by J. Turnbull et al.

[16] based on analysis of apparent fission gas release and irradiation enhancement has not

presented in the obtained form. There are only two thermal terms and one athermal term.

However, even earlier research on growth of intragranular gas bubbles showed existence

of so-called irradiation enhanced diffusion. The appearance of bubbles on straight lines

following irradiation promotes the view that bubble nucleation occurs in the vicinity of

displacement spikes, which leave a vacancy reach region in their wake. These lines of

bubbles decorating fission tracks at temperatures 750 to 1800 °C have been observed under

conditions where most of the gas is believed to be in solution and it is high concentration of

vacancies in tracks that enhance the nucleation of bubbles. White at el. showed [17] that

diffusion of fission products is enhanced below ~ 1400 °C and introduced three term

diffusion coefficient, i.e. athermal form proportional to fission rate, irradiation-enhanced and

thermally activated Arrhenius forms.

The second term depends on the square root of fission rate density as well as temperature

with very low activation energy. Theoretical explanations of three-term irradiation induced

and enhanced diffusion coefficient have been given in ref. [18].

Incorporating three-term diffusion coefficient into FEMAXI fission gas release model

should properly adjust it to observed experimental data and correct calculation of balance

between gas in solution (lattice gas) and intragranular bubbles and hence make more

adequate prediction of gas swelling. It is important to note that corrections discussed need

no significant modifications of the basic two-step mechanism of fission gas release

implemented in the FEMAXI code.

- 6 -
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Grain boundary resolution of fission gas atoms populating intergranular bubbles or

tunnels play extremely significant role in controlling not only incubation threshold for

fission gas release, but also the concentrations of gas atoms in grain volume and in

resolution affected layer near grain boundaries. It is grains boundary resolution that prevents

unlimited fission gas release to free volume after development of linkage between bubbles

faceted the grain or/and grain edge tunnels.

It is postulated in the fission gas release model of FEMAXI code that the width or

thickness of resolution layer on grain boundaries is a constant chosen to be equal 20 nm. In

fact, that is a dynamic parameter, which can be derived from the first principles in terms of

irradiation-induced and enhanced diffusion enabled by fission fragments passing the

intergranular gas pores. The number of fission fragments passing through intergranular

gaseous pore as well as number of gas atoms influenced by spikes on the pore surface are

calculated parameters depending on fission rate density, partial gas pressure and gaseous

composition in the pore. If athermal, irradiation-enhanced and thermal partial diffusion

coefficients are known, the width of resolution layer is simply

8r oc J(Dath + Denh + DArh )*tf , where tj- = bj] is the lifetime of a displacement spike.

This width is controlled by instantaneous generation of new fission spikes, that is,

bj- = — FxAj-xdj- where F,Af,dyare the actual fission rate density, range and

characteristic diameter of the displacement spike, respectively.

In other words, the grain boundary resolution width is a constant of material only at very

low temperatures where athermal diffusion takes place. The higher fuel temperature or low

fission rates density the deeper width of resolution layer. The concentration of gas atoms in

the resolution layer should be determined from balance of incoming and outcoming gas

atoms. In fact, resolution effect creates a concentration barrier that prevents instantaneous

gas release from grain volume under both steady-state operation and transients. The higher

gas pressure in tunnels or intergranular gas bubbles faceted grains the higher concentration

barrier. The temperature dependence is reverse. Due to dynamic character of concentration

barrier in resolution controlled layer, reduction of heat generation rate will result in

decreasing of this concentration barrier and also occur additional very fast release of excess

gas from resolution layer and vicinity to grain porosity and free volume.

- 7 -
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This is considered to be important modification for FEMAXI code fission gas release

model and might improve predictability of the code in thermal response analysis.

2.2 Fuel Thermal Conductivity as a Function ofBurnup

The initial thermal conductivity correlations are well established for all oxide fuels used

in commercial reactors. The influences of parameters such as temperature, stochiometry,

plutonium content and gadolinium content are relatively well known [19]. It is long shown

that irradiation damage and the progressive buildup of plutonium and fission products with

increasing fuel burnup in UO2 and MOX fuels should correlatively reduce their thermal

conductivity. The low the temperature, the stronger the effect predominantly controlled by

phonon-phonon form of heat transfer. The burnup effect on thermal conductivity has been

assessed up to 80 MWd/kgU by means of in-pile centerline temperature measurements and

out-of-pile thermal diffusivity measurements with reasonable agreement between these two

methods. However, the rim thermal conductivity evolution is not yet clearly known. The

thermal degradation due to the onset of numerous sub-micron gas pores and degree of

balancing by the "cleaning" of the fuel matrix subsequent to this porosity development is not

properly understood.

The FEMAXI code has a number of models for calculating the fuel thermal conductivity

as a function of local burnup and temperature. Correlations are typically derived from

benchmarked measurements of steady-state centerline fuel temperature from instrumented

fuel rods at Halden HBWR reactor when increase in central temperature per unit increase in

the local linear heat rate is recorded.

However these data are not definitive regarding dynamic factors during power transients

and microstructure changes in outer fuel surface (rim region) or in the transient zone. This

zone is the next one by moving on towards the fuel center, where gas porosity is increased

and sub-grains within course grain structure are exist. Particularly interesting is the fact that

transient-tested fuels exhibit a region where gas bubbles in the grains are highly

inhomogeneously dispersed resulting decoration of sub-grains as well as grains and bubble

denuded zones [1]. The fuel thermal conductivity degradation due to gas bubbles and high

burnup UO2 structure formation is unlikely the same as determined for a fresh porous fuel

because the difference between helium and fission gas in term of thermal resistance is

considerable.
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Comparison of the EPMA and puncturing results supports a suggestion that in transient-

tested UO2 fuel rods a large percentage of gas release from the grains (locally 50-60 %

depending on the burnup) are not able to reach the rods free volume and is retained on the

grain boundaries or large bubbles. From the first principles, it is appear certain, that burnup-

induced degradation of fuel thermal conductivity is a consequence of fission gases and

buildup of volatiles with increasing burnup. The conductivity is a function of state of point

defects, dislocation loops, and precipitates as well as gas bubbles (porosity) [19]. Logically,

for transient response analysis the degradation should be re-formulated in terms of

concentrations of fission products rather than as burnup dependent function. In other words,

models of thermal conductivity and fission gas release have to become inextricably linked.

There must be a model, which describes state and the balance between buildup, diffusion

and irradiation-induced resolution for local conditions and hence, the fractions of fission

products that exist as lattice gas and in gas bubbles.

Thus, such advanced model for thermal conductivity becomes intimately associated with

other models of fission product release and their attendant complications.

Furthermore, the option for no crack factor reduction in the fuel thermal conductivity is

supposed in the most of the fuel codes. This fact ignores not only radial cracks but

circumferentially oriented micro- and macrocracks as well that should be treated as an

additional porosity at least. Importance of crack factor reduction in effective thermal

conductivity of UO2 fuels has been demonstrated in calculating analysis of IFA-503.1

Halden test [20].

2.3 Radial Power and Temperature Distributions

In order to provide a reliable assessment of fuel thermal performance it is critical to

calculate temperatures and their distribution as accurately as possible. Radial power

distribution is a function of great importance in view of that goal.

The power and burnup radial distribution functions in FEMAXI code are input function-

parameters generated by external neutronic code RODBUN [21]. The flexibility and

integrity of the FEMAXI code can be virtually improved by incorporating an optional model

or models in a manner as it was made in TRANSURANUS and FRAPCON-3 codes [5, 22].

In these codes a special shape function (form factor) governs the radially dependent buildup

of the plutonium with effective cross-sections for uranium and plutonium isotopes of

interest. The structure of FEMAXI code enables application of fine mesh placement near

- 9 -
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fuel surface and coupling of power, plutonium buildup and burnup profiles with fission gas

release model and models that have to calculate high burnup-induced effects in a fuel rod as

well as temperature distribution in conjunction with them.

Similar approach has been already adopted and tested in ASFAD code [23] where

original model for plutonium buildup and power rate distribution is used. Advanced

modification of this model can be transferred to FEMAXI code. This new model is a

symbiosis of the well-known TUBRNP model of Lassmann et al. [5] and RADAR model of

Palmer et al. [24].

2.4 Rim Porous Band Formation

Rim porous band formation and high burnup UO2 structure formation as a function of

local burnup and temperature are the most important modification of FEMXI code that

might be made because of specific importance for transient thermal response analysis.

Experimental observations showed [1] that the surface of the fuels irradiated as high as

above 45 MWd/kgU at steady-state operation can be highly porous, that is, porosity is up to

30-50 %. Integral release of fission gas from the porous band was found to reach 25 % and

considerably contribute to total fission gas release to free fuel rod volume. Thus, it is very

important to have a mechanistic model to calculate porous band formation in conjunction

with local fission gas release.

The mechanism by which the porous band at the UO2 surface forms is not established

yet beyond doubt. However, it appears certain, that this is a consequence of the high local

concentration of fission gases due to buildup and fission of plutonium. Two models, that is,

semi-empirical and mechanistic respectively, have been already published in open literature

on this concern [4, 25]. The complexities of the models enable application both of them in

the FEMAXI code.

2.5 Fuel Swelling

Fuel swelling due to high burnup and temperature induced formation of structural zones

with specific properties across UO2 fuel radius is virtually related to previous discussion.

Highly irradiated fuel has a specific zone structure controlled by temperature, burnup, and

irradiation history. These zones are classified as follows [1,2]:

- 1 0 -
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Zone 1. This is a fuel rim where the porous band has occurred with percentage of gas

porosity up to 30-50 % in fully developed high burnup structure.

Zone 2. This zone is the next one, situated in the cold outer part of the fuel matrix and

consists of coarse grains and sub-grains with enlarged intragranular porosity and

intergranular initial pores that undergone some irradiation-induced sintering.

Zone 3. This zone is detected when only intergranular bubbles decorating grains are

presented.

Zone 4. This zone is designated when both intergranular and intragranular bubbles are

present.

Zone 5. This zone is designated when fuel exhibits a region in which fuel grains are

chequered by clusters of gas bubbles and bubble free areas showing effect of cleaning grains

from lattice gas.

Zone 6. This is a typical high temperature zone with dramatic variation in bubble

density, grain edge tunnels and/or grain growth and columnar re-crystallization.

Zone 7. This zone is designated when columnar grain formation has occurred.

An advance model is needed, which could describe micro and macro restructuring,

porosity evolution and gas bubble formation, which are being intimately associated with

models of fission gas release, redistribution of lattice gas along different secondary states

(bubbles, dislocation loops, tunnels) and all their attendant complications.

There is every reason to suppose that these zones will have an impact on transient and

steady state thermal behaviour of LWR fuel rods. Implementation of zone model in context

of swelling is appreciable for coupling of thermal and mechanical analysis.

2.6 Fuel Pellet Cracking, Fragmentation and Relocation

The close coupling of the thermal and mechanical modelling is the consequence of the

existence of the fuel-to-clad gap. As the temperature increases, the stresses resulting from

temperature gradient in the fuel matrix causes the fuel crack, fragmentation and relocation.

Cracks are formed both in the radial and circumferential directions. Void space, which is

originally in the fuel-clad gap, is relocated into the fuel matrix as the fragments of fuel move

outwardly into the gap. As the fuel becomes hotter, the fuel expands, filling some of the

voids within the fuel. However, asperities do not align exactly, thereby causing the fuel

diameter to appear larger and the fuel to interact with the cladding at a lower power than that

- 11 -
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expected due to normal expansion (or contraction) mechanisms, including thermal

expansion, swelling, and densification.

The cracks allows nearly 50% [22] of the original fuel surface relocation to be recovered

due to fuel swelling before hard contact is established between the fuel and the cladding.

The modeling of the cracked and relocated fuel, both thermally and mechanically, requires

accounting for changed fuel-cladding gap size (and hence gap conductance) and the changed

fuel pellet diameter as the fuel interacts with the cladding. The fuel surface relocation

provides a new fuel-cladding gap size for calculating gap conductance and mechanical

interactions. Also considered is the shift of voids from the fuel-cladding gap into the fuel

pellet (and the resultant pressure change) and the feedback into the mechanics and thermal

calculations.

To cope with cracks and relocation FEMAXI code has adopted a quite simple and

sufficient model. However, two modifications would be made.

The data obtained in the IFA-503.1 WWER/PWR comparative Halden test [26]

disclosed one very general principal result. At reference power levels the temperatures in the

WWER and the PWR reference fuel rods differ no more than 25 °C.

Regardless of rather different densification behaviour the measured temperatures in

WWER and PWR rods showed no principal deviations and were even slightly higher (within

the 25 °C band) in PWR-reference rods. An explanation of this result has been analyzed [20,

27] and favored conclusions are as follows.

Early in life, the ceramic UO2 fuel pellets crack, radially and axially, into numerous

wedge-shaped fragments. Considerable roughness is associated with the surfaces of

fragments. This roughness leads to a radial relocation of some gap volume to fuel due to

crack propagation during reactor power changes, at start-ups and shutdowns. Generally,

relocation depends on the number of radial cracks and degree of freedom associated with

fuel fragments in a pattern. Due to in-pile densification the freedom mode of fuel fragments

is increased. Densified fragments move relative to each other causing macroscopic

relocation as a function of power rate and achieved bulk densification. This macroscopic

relocation contributes to partial gap closure and to some "dynamic" degradation in effective

(in-pile) fuel thermal conductivity because some cracks are circumferentially oriented. The

radial relocation is permanently exists as combination of dynamic and kinetic functions.

- 1 2 -
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The power dependence of partial gap closure due to relocation was found is to be

proportional to the factor as follows:

~ Qjump

[ Qrel J

where qL is the linear heat generation rate, q is some threshold corresponding to pellet

jump effect, and qrel is the dynamic parameter of relocation. M. Oguma [28] based on

analysis of in-pile data for PWR and BWR fuels first introduced the pellet jump effect. It

was suggested that pellet jump caused by cracking is a primary effect: no relocation takes

place before that.

The pellet jump threshold can be calculated from the first principals, or alternatively, as

best estimated model parameter chosen from in-pile data analysis. The contribution to fuel-

to-clad gap closing corresponding to pellet jump is a constant effect being added to the

permanent relocation resulting from relative mobility of the fragments.

The curvature, and in some cases a knee like deflection can be observed in the

temperature versus linear heat rate correlation during the very first starts to power. Being

interpreted in terms of rating dependence of the gap thermal conductivity temperature

singularity favors an assessment for the pellet jump distance to pellet diameter ratio, Cjump

that is close to (3.6 4- 3.8) x 1(T3 for porous UO2 sintered fuel pellets [29].

Very simple and efficient empirical correlation between initial microstructure of UO2

fuel and threshold contribution to pellet-clad gap closure enables to assess the primary

relocation (pellet jump). This is

C ~6x
V r 'initial

where —— is the fraction of initial porosity associated with as-fabricated pores
V P ) initial

distributed in grain volume, double boundaries and grain corners [20].

M. Oguma has proposed another correlation for the pellet jump effect in a very pioneer

work [28] in the form of prompt contribution, ADjump, into an increase of pellet diameter,

, due to critical cracking:
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M. Oguma also proposed a semi-empirical correlation to calculate fiiel-to-clad gap,

which includes both dynamic and kinetic relocation effects in the form as follows:

G(bu,qL) = {\-Axf(bu)}xExp\-qL~qjump \*{G0 - ADjump - AG,}
{ Qrel J

Wherein

A is the numerical parameter;

f(bu) is the function of pellet burnup, bu ;

GQ is the as-fabricated fuel-to-clad gap;

AG, is the accumulative gap closure due to phenomena, which do not related with

fuel cracking, e.g., swelling, thermal expansion, creep, etc.

Semi-theoretical modification of original correlation by M. Oguma has been presented in

[20,27] in a similar form:

JUmp

] }
P Jj,nsf\ { Ire,

where — is the net in-pile densification effect. This correlation is incorporated into
V P Jdcnf

the ASFAD code model library and has passed through a number of verification calculations

against appropriate in-pile measurements of fuel centerline temperatures in test fuel rods

with different gap sizes and filling gas compositions.

The major conclusion, which can be drown from discussion above is that in-pile

densification of fuel fragments contributes to relocation and relocation itself is not additive

sum of partial contributions from different particular phenomena, but rather complex

nonlinear dynamic process. This phenomenon must be reviewed and properly modeled for

code applications in view of great importance for steady state and transient thermal and

mechanical analysis.

- 14 -
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2.7 Cladding Creep and Related Properties

Mechanical analysis that enables FEMAXI code is the most advanced and sophisticated

part of the code among many other fuel performance codes. Cladding creep due to

misbalance between external and internal applied stresses is a part of mechanical

calculations.

Cladding creep is important for modelling the size of fuel-to-clad gap and initial stored

energy at the start of transients. In PWR fuel rods, the creep may be sufficiently rapid and

affect fuel relocation and effective thermal conductivity of fuel pellets. FEMAXI code has

adopted an empirical creep model, which is quite comprehensive for practical application for

LWR fuel rods. However, the flexibility of model is limited. There is general remark that

encourages development of new creep model.

More economic utilization of standard dioxide fuels demands going to higher fuel

burnup without any loss of fuel rod reliability, flexibility margins and safety. Japan today is

about to introduce fuel cycles with average discharged burnup in fuel assemblies as high as

55 MWd/kgU. This presumes that fuel assemblies have to be operated at higher linear heat

rates and/or intervals between fuel reloading as well as in-reactor lifetime to be extended to

18 months or even longer and to four-five years, respectively. Also, Japan has long been

committed to closing uranium fuel cycle by reprocessing spent fuel from LWR reactors to

recover plutonium that would be recycled in mixed uranium-plutonium oxide (MOX) in

LWR reactors and in fast breeder reactor as well. One can expect that Japan in near future

will operate LWR reactors charged with MOX fuel assemblies along with standard UO2

fuel. This all raises a number of issues to be resolved in a proper way and demands

developing not only new technologies but new models as well. In particular, cladding

materials that are currently used for fuel rods are to be advanced to face long irradiation and

higher neutron fluence.

In LWR reactors high energy particles and fast neutrons are bombarding fuel rod

cladding creating structure defects that result degradation of as-fabricated material

properties. During the power transients in a later stage of in-reactor life, fuel failure and

situations when fuel rod integrity may suffer will occur. That's why in Japan, as well as in

the USA and worldwide new clad materials for LWR fuel rods are under development,

testing and implementation.

- 15 -
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For instance, in Japan there is very impressive and even ambitious development of a

supper alloy having the world best high temperature strength and good formability with dual

application both for fusion and fission reactors. It can be expected that safety and operability

of Japanese LWR reactors will be more improved after industrial implementation of this

supper alloy.

New cladding alloys are particular essential because there are solid evidences that

uranium dioxide and MOX fuel have certain natural limitations in utilization that are about

to be exceeded for part of fuel rods in assemblies with average discharge burnup of about 55

MWd/kgU. It is clearly understood now that after 40 to 50 MWd/kgU the properties of

nuclear fuel are completely different from those of as-fabricated fuel. The role of cladding is

greatly increased with progressing burnup. There must be a model, which describes the

creep process with intimate association with models of irradiation-induced damages in clad

materials and all attendant complications in order to cope with new clad materials and

operation conditions in a flexible manner.

Many studies have been conducted in relation to the creep behaviour as one of the

central parts of thermal and mechanical analysis with fuel performance code. Sets of

different equations have been proposed. Still there are many uncertainties in understanding

in understanding of the process since Nichols [30] to Mattews and Finnis [31]. Engineering

models deal with restricted area of database applicability. Their flexibility in practice is

limited: different operation conditions or post-reactor storage need rather different creep

correlations. On the other hands, theoretical models become more and more theoretical and

even academician and only increase the gap between practice and theory [31].

One of the first successful attempts in developing "flexible" creep model for LWR

claddings has been made by N. E. Hoppe [32]. His model, semi-engineering by status,

contains some important ideas that can be applied for further elaboration of mathematical

description of creep phenomena with complexity admitted by practical application in fuel

performance codes.

A new model has been proposed [33] and progressively developed is presented here in

sections blow as an extension of Hoppe's model approach. The model entitled BNR-creep

model, i.e. Bingham-to-Newtonian Relaxation of diffusion zones was constructed under

ambitions "from first principals to principal applications".
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The objective of this model is to predict creep properties of polycrystalline materials

such as Zircalloy-4 in conjunction with main irradiation-induced effects that affect lattice

microstructure. In details this model is described in a proper section of this report.

2.8 Fuel Side Oxidation of Cladding with Burn up

Fuel side oxidation of cladding or, in other words, formation of fuel-to-clad bonding

layer is not currently taken in the FEMAXI code model analysis of fuel rod performance at

high burnup. Meanwhile, modern studies of LWR fuels (e.g. [34,35]) disclose that at burnup

of 40 MWd/kgU and higher the bonding layer 10 to 20 urn is formed by resulting

unappreciable additional thermal resistance between fuel and clad. Also, it influences fuel

and clad interference at high burnup and can make their contact harder at high burnup under

steady state and transients.

The mechanisms responsible for formation of fuel-clad bonding layer are quite clear and

have been indicated in details in the paper [35] and can be easily modeled.

2.9 Hot Pressing and Creep of UO2 Fuel

One of the main objectives of computer code calculations is to demonstrate that margins

of design flexibility and safety parameters are not exceeded with all respect to phenomena

specifically attributed to high burnup induced changes in the fuel matrix and cladding. As it

was discussed above, the in-reactor performance of LWR fuel rods at extended burnup is

characterized by UO2 restructuring and appearance of a number of structure zones

containing gas porosity and secondary defects (i.e., irradiation-produced network

dislocations, sub-grains). Gap closure in an active part of fuel rod will invoke pellet-clad

mechanical interaction and stresses in fuel matrix, and as a result mechanical and chemical

properties of cladding differ considerable from those of as fabricated. However, in despite of

all these changes, LWR fuel rods still retain a considerable potential for relaxing contact

stresses and for adjusting their behaviour to actual internal states and external conditions.

Hot-pressing (fuel creep accomplished with changes of volume) is one of the relaxation

processes initiated by applied external stresses in result of hard contact between fuel and

cladding. The rate of hot pressing is a function of parameters, which characterize irradiation

condition (temperature, fission rate, and burnup), contact stresses and state of ceramic fuel,

i.e. grain size, remaining porosity, and dislocation network. When the hard contact occurs in

LWR fuel rod all structural zones will contribute to relaxation via local hot pressing which is

differ for every specific zone.
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Correlations, which are currently, used in fuel rod performance codes, are not able to

cope with complexity of structural zones induced by burnup.

There must be a model, which describes creep behaviour and hot pressing of highly

irradiated fuel respecting all structural complications.

2.10 Fuel-to-Clad Gap Conductance

The main thermal resistance in the LWR fuel rods is that of the fuel-to-clad gap as well

as thermal conductivity of the pellet. Parameters that responsible for that are fuel to clad gap

separation, surface roughness of fuel and cladding, gas composition in free volume,

temperature of gas, gas pressure and eccentricity (the derivation between fuel axis and clad

axis).

Traditionally, the gap conductance, hgap, responsible for the temperature drop across the

gap space is made up as the sum of three additive conduction routines, i.e. conductance

through the gas gap, hgas, conductance through areas of intimate contacts, hcont, and

radiative heat transfer, hrad:

hgap = hgas + hcont + Kad

Until the onset of pellet-clad contact, the most important term with respect to the gap

conductance is hgas because its value depends critically on gas thermal conductivity and

reversibly on the dimension of gap.

Despite the uncertainties in the gap size due to fuel pellet fragmentation and relocation,

in-pile experiments verify the standard form of representation for conductance through the

gas gap.

Thermal conductivity of xenon and helium is considerably different. Despite this fact, in

fuel rods with very small gap sizes the difference between xenon and helium filled rods

tends to vanishing [19]. This implies that effective heat conduction occurs through the solid-

solid contact sports for which the filling gap gases play no important role. The gap

conductance must therefor include a progressive flattering of asperity of fuel and clad

separation with tightening of the gap size.
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In order to model gap conductance it has been proved [19] necessary to modify additive

sum of three terms hgas,hcont,hrad to a new form considering the stochastic nature of pellet

fragmentation, dynamic relocation and eccentricity as well. Introducing a contact

function Fcont, which should combine partial contributions from gas conduction and contact

conduction, can enable this. One of the possible modifications is simple as that:

hgap = (l " Fcont ) x \as + Fcont x Kont + Kad

where Fcont is the fraction of pellet surface which are in intimate contact with cladding , and

hgas is the re-defined conductance through the gas gap in order to account averaged

eccentricity effect that leads to the form as follows [36]:

Wherein hgas is the standard gas conductance through coaxial fuel-to-clad gas gap, s is

the averaged eccentricity between fuel pellets and clad, 5 is the geometrical hot gap size, E,

is the combined roughness of the surfaces, and g is the "temperature jump distance"

(accommodation effect) in the conventional form. This form has been obtained analytically

by statistic averaging over random pellet distribution inside fuel rods. The suggestion

implies that pellets in fuel rod are not exactly positioned along the center of the cladding, but

rather eccentrically stationed being normally (randomly) distributed.

Function Fcont tends to the unit for the tightly closed gap, and zero for the large gap

size. The simplest way is to derive such a function from experiment.

2.11 Conclusive summary

On the basis of the discussion above, it is concluded that modelling of all mentioned

features continues to present a challenge from both a mathematical and physical points of

view. But they must be properly addressed to face realities of high burnup. The great issue is

to validate new models needed to improve adequacy of code calculations for high burnup

fuel rods. Anyway, the first step (modifications) should be made in order to enable

verification exercises.
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3. A BNR MODEL FOR LWR FUEL ROD CLAD CREEP BEHAVIOUR

Semi-theoretical model was developed for predicting creep strain under thermal out-of-

pile and in-pile conditions of interest for LWR type fuel rods. The results of model

calculations were compared with an isothermal experiment data and post-irradiation

examinations as available. Discussion was also given to the difference in creep behaviour

between irradiated and unirradiated fuel cladding, indicating that model equations are

applicable for predicting creep strain of spent fuel claddings. Strain-hardening and

fluence/time-hardening effects were modeled and discussed.

3.1 Background

Clad creep behaviour of LWR nuclear fuel is one of the most important phenomena both

for in-reactor fuel performance and post-reactor interim storage. Many studies have been

conducted in relation to the creep behaviour of LWR fuel rod clad materials and a set of

different creep equations have been proposed (see [40,41]). However, there are still many

uncertainties in understanding of the process since F.A.Nichols [40] to J.R.Matthews and

M.W.Finnis [41]. Engineering models deal with restricted areas of database applicability.

Their flexibility is limited: different in-pile or lab tests or post-reactor storage need rather

different models or correlations to be applied to fuel rod performance and integrity analysis.

One of the first successful attempts in developing creep model for LWR claddings has been

made by N.E.Hoppe [32]. His model - engineering by status - contains some important

ideas that can be useful for further elaboration of mathematical description of creep

phenomena. The present work was undertaken to suggest a new model approach to a

uniform description of the LWR clad creep process with complexity admitted for applied

fuel rod performance codes.
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3.2 Radiation Damage Processes

Irradiation with fast neutrons enhances the self-diffusion coefficient and simply

introducing such coefficients into the thermal diffusion creep equations leads to reasonable

results at the temperatures of interest, i.e., below - ViYm. It is clear now owing to

investigations by Nichols [30] and analysis by J.R.Matthews and M.W.Finnis [31].

The enhanced diffusion coefficient is supposed to arise from increased vacancy

concentrations. The problem is that irradiation-enhanced diffusion models relay on the

assumption that vacancy flow driven by long ranged gradients in the chemical potential of

vacancies at different sites in the lattice microstructure. This assumption is required in order

to include dislocation glide facilitated by climb or recovery. However, irradiation-enhanced

concentrations of point defects play no role in vacancy thermal emission driven mechanisms

and do not alter the concentration gradients between principal defect sinks. The dilemma has

to be resolved in order to place confidence in irradiation enhanced diffusion creep modelling.

The point is that irradiation enhanced diffusion is just one of the consequences of the

lattice micro-structural changes produced by fast neutrons and damage cascades created by

them. C.C.Dollins [37] and WJ.Phythian [38] showed the importance of fast neutron

irradiation-induced damaging on the temperature dependence of yield strength and radiation

growth of Zircaloy.

For modelling, the radiation damage processes in polycrystalline materials will be

considered first and quantitative treatment of damage cascades and their particular role will

be proposed.

3.3 Primary Collisions and Damage Cascade

When a fast neutron collides with lattice atoms along its pathway these atoms receive a

considerable portion of its energy (the primary collisions) enabling them to initiate a

sequence of displacements in the lattice known as a damage cascade (the secondary

collisions). At this stage thermodynamic as well as statistic equilibriums are broken.

3.4 Radiation Damage Quenching

Next, the cascade comes to thermal equilibrium and dominating recombination of

vacancies and interstitial atoms in the damage cascade formed occurs, resulting in the
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establishment of the initial size and coaxial double zone shape of the damaged region. It

may be assumed that thermodynamic equilibrium has to be restored first resulting in

minimization of excess internal free energy and then the system comes to statistic

equilibrium between point defects (i.e., self-interstitial atoms and vacancies) and sinks such

as voids, dislocations and grain boundaries. This assumption allows both equilibrium

concentrations of point defects in cascade damage and the characteristic time scale of the

quenching phase to become calculated values, and, thus, the partial radiation induced self-

diffusion coefficient can be evaluated as well.

3.5 Radiation Damage Annealing

Some fraction of vacancies and interstitial atoms avoids recombination because of the

stochastic nature of the process. The remaining point defects then diffuse thermally or

recombine or can be captured by different sinks distributed inside the polycrystalline lattice.

Sheared distribution of point defects in the formed damage cascade results by way of

enhanced self-diffusion of point defects in that volume. It lasts until damage being annealed

thermally and/or high-energy neutron collisions initiate a new generation of damage

cascades.

3.6 Partial Self-Diffusion Coefficients

A three-stage approach to damage cascade formation and evolution provides quantitative

assessments for three partial self-diffusion coefficients each associated with one of these

stages. These partial coefficients according to their nature may be called irradiation-

controlled, irradiation-enhanced and irradiation-induced partial self-diffusion coefficients,

according to their nature.

The athermal irradiation-controlled coefficient, DF, can be simply defined via the rate

of generation of damage cascades, bf, time scale, rc, and diffusion mobility, Dc, associated

with primary collisions and damage cascade formation. This gives

DF-(rJ>f)xDe (1)
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And taking that "sphere" of displacements defines characteristic diameter, d, of

collision cascade

d1

6r,D=- (2)

this coefficient can be re-written in a form as follows:

Where the rate of generation of damage cascades is

bf = —{2b)NscrsnLf(p (4)

Where

Ns<rsn<p is the collision rate density, cm~3s~l;

(2b) is characteristic diameter of primary collision;

b is the magnitude of the Burgers vector;

Ns = aT1 is the number density of atoms;

co is the atomic volume;

<jsn is the average fast neutron scattering cross-section;

Lr is the average length of the damage cascade extension in a polycrystalline

material;

cp is the fast neutron flux.

Thus, the following form for the athermal coefficient is obtained:

DF = AFcp

Substituting into Eq.(5) the values of the constituent parameters according to

F.A.Nichols [30] and C.C.Dollins [37] for Zircaloy, the coefficient Af is obtained as

AF =2.5xlO"32 cm* (6)
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and the value of the partial self-diffusion coefficient driven by the primary collisions can be

simply calculated as

^ (7)
F F r e /

<Pref

where the normalising reference parameters are chosen as follows:

DFref=2.0x\0']Scm2xS-'
(8)

Recombination of vacancies and interstitial atoms then occurs after the primary

collisions and formation of the damage cascade and the partial interstitial self-diffusion

coefficient attributed to this stage is defined here in a form

DR=(bfrR)xDv (9)

where rR is the time scale of the quenching phase; bj-rR is the relative time during which

diffusion mobility of collided atoms are characterized by D2 i, i.e. the interstitial self-

diffusion coefficient during the quenching phase.

The time scale in eqn.(9) can be found from the equation of vacancies and interstitial

recombination assuming that it can be treated as a stochastic process formalized by

Chandrosekhar in ref.[39]. The probability of recombination is proportional to the partial

concentrations of defects (interstitial atoms and vacancies), which are virtually equal during

the fast quenching phase, their summary diffusion mobility, and effective radius of point

defects. If CR concentration of radiation defects normalized to the number of sites

Ns = co~x in the elementary volume co, then equation of stochastic recombination of

primary point defects can be written in the form:

d Anb{D2v+D2l) ,

ax (o

where Dlv is the vacancy self-diffusion coefficient associated with the quenching phase.

The quenching stage of cascade damage life can last throughout the time scale rR defined

fromeqn(lO), i.e.:

TR= X ( 1 1 )

w : D2V+D2I
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where Co R is the equilibrium concentration of point defects at the end of quenching. This

concentration from the balance of generation rate and recombination obviously is

Anb2 D2v + D2,
02)

or

Substituting parameters expressed by eqns (11) and (12) into eqn (9) gives for the partial

irradiation-enhanced self-diffusion coefficient an analytical form as follows:

(13)

Taking into account that the diffusion mobility of vacancies in the polycrystalline

materials of interest is considerably lower then the mobility of interstitial atoms, then

relation (13) is simply

and it leads to the normalised representation of the partial coefficient of self-diffusion

caused by quenching phase of colliding cascade evolution in the form as follows:

^ \ , (14)

where AEm, = 0.3 eV is the enthalpy of migration for interstitial atoms in Zircaloy [37] and

DQR is the pre-exponential factor that has can be obtained as best estimation parameter

based on data on irradiation-induced self-diffusion. Theoretical value of this factor is of

about 1.2 xlO"17 cm1 xs~l [33].

Assuming that the interstitial self-diffusion mechanism dominates at the lattice sites,

which belong to the outer zone of the cascade damage, and that the vacancy self-diffusion

mechanism acts at the depleted zone, then classic diffusion theory leads to

DT=TDTt 1^-xExpl-^A, (15)
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where DT is the summary self-diffusion coefficient conditioned by migration mechanisms

acting at stage of collision cascade annealing; and other parameters are:

A£r>1 =Mms+MftV -\&EmJ -8E (16)

^ (17)

and

AEm_, is the interstitial migration enthalpy;

AEm v is the vacancy migration enthalpy;

AEf v, is the vacancy formation enthalpy.

The parameter^ is the stored energy associated with stresses caused by separation of

interstitial atoms into a shell around a vacancy rich internal region of the cascade damage at

the late stage of its life. The vacancy in a metallic lattice is a simpler defect and reflects the

symmetry of the lattice and also produces considerable relaxation in the elementary lattice

cell. In principal, this relaxation can be estimated from the symmetry of arrangement of the

sites in the lattice, but anyway it should not exceed the value of the migration enthalpy for

the vacancy. In case of Zircaloy type metallic structures the maximum volume relaxation

should not exceed ~ 0.25 %, i.e. estimation SE = AEf v x 0.75 is just reasonable.

Pre-exponential factors D,, and DT2 can be confidentially obtained only from analysis

of experimental data on thermal annealing of collision cascades. Unfortunately, database

available in open literature is not sufficient for model analysis and it necessitates using

theoretical estimations for irradiation-enhanced self-diffusion coefficients. For Zircaloy-type

materials theory gives (derivation is omitted):

DT =2.25xl0"7x £ x £ c J - ^ ^ L m V (18)

where the interstitial migration mechanism is dominating.
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3.7 Polycrystalline Flow Properties

It is well known that the nature of the creep process in a polycrystalline material has

either a threshold or non-threshold character or both. However, if plastic deformations

generated by dislocation movements in the material are absent due to insufficient intensity

of applied stress, then the creep process occurs via self-conjoint mechanisms. That means no

voids or break of integrity are associated with the creep, and any single element of structure

characterizing diffusion zones of a polycrystalline material, deforms in the group of the

other similar structure elements neighboring it. Hence, vacancy flows allowing non-plastic

creep deformations are limited inside that structure elements (diffusion zones) and evolution

of form of any of those elements processes without changes in volume.

The most energetically favourable reaction at the site of the damage cascade formation is

a collapse of vacancy clusters to generate the dislocations, which will act as sinks for

interstitial atoms. These dislocations randomly distributed in the polycrystalline material

create de facto a set of within-grain elements of structure driving their non-plastic and self-

conjoint creep deformations. In other words, the macro process of non-threshold thermal

creep is allowed due to local vacancy and interstitial flows inside obviously very fine

structure elements, which more correctly might be called diffusion zones. The essential point

is that any macro flow is also arrested.

In polycrystalline materials with anisotropy crystal structures the interaction between

neighboring diffusion zones, which is in fact a complicated problem, involving the texture,

growth, thermal creep and plastic flows can be easily resolved in terms of viscosity

coefficients. External applied stress produces an opposing stress inside of any particular

diffusion zone, initiating local vacancy concentration flow between sinks in order to provide

relaxation of the applied stress. Representation of polycrystalline materials as an interactive

assemblage of single diffusion zones allows defective polycrystalline material to be treated

as a viscous compound interpreted in terms of Newtonian and Bingham solid states.

Newtonian viscosity only depends on the effective self-diffusion coefficient of the

polycrystalline material and a characteristic distance between the strongest sinks, which in

this case coincides with the characteristic size of the diffusion zones in the assemblage.

From this point Newtonian viscosity directly is time independent and, thus, a Newtonian

viscous compound represents a steady-state component of non-plastic creep and should be

associated with mass flow attributed to the vacancy system in the diffusion zones\
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If the applied external stress is high enough the Newtonian viscous mass flow cannot

provide relaxation of the excess free energy attributed to the stresses in the diffusion zone

and dislocation climb will be initiated in order to cope with the stress. Dislocation network

defining the diffusion zones should also act as a source of new dislocation loops emitted

during movement of the lead dislocation. The viscosity associated with the mass flow in the

diffusion zone with dislocations should be considered as the Bingham viscosity.

The Bingham viscosity is more "collective" and has to reflect self-conjoint deformations

of the diffusion zones in the highly defective polycrystalline structures under condition of

conservation of their volumes. The more accumulated creep deformation, the more

relaxation achieved and the less efficient the role of mass flow via the dislocation sub-

system. Thus, the treatment of non plastic deformations under applied external stress in

terms of the viscous mass flow leads to a representation of the creep process as relaxation

from the Bingham to the Newtonian state in the polycrystalline materials.

The introduced approach can be titled as the BNR model: Bingham-to-Newtonian

Relaxation creep model.
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3.8 BNR Creep Model Equations

The traditional two component creep rate

dx dx dx

where steady-state, "st", and transient, "tr", terms caused by the mass flow via the vacancy

and dislocation sub-systems in the diffusion zones correspondingly. Assuming that the strain

rate is a sum of Newtonian creep rate and the strain rate produced when a density pn of

mobile dislocations is moving at mean group velocity Vn, then the latter can be expressed by

E. Orowans's low (in [40], p. 45) and it gives:

(20)

where 5 is the applied stress; rju is the Newtonian viscosity; b is the magnitude of the

Burger's vector; pn is the dislocation density associated with the characteristic dimension of

diffusion zones (hereafter, such dislocations are called network dislocations andpn is their

density). The group velocity Vn of moving dislocations in terms of viscous-diffusion theory

can be expressed by general equation as follows:

V = ^ - x ^ (21)
" kT 6L V }

where DBing is the effective self-diffusion coefficient to be associated with dislocation

mobility due to matterial flow in the diffusion zones; 6W is the energy needed to support the

dislocation movement over the distance of <5L under applied external stress. The

characteristic distance due to Orowan's low is simply related with creep:

(22,

where ef is the deformation of diffusion zones caused by network dislocations:

ef = nb2
Pn (23)
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The elastic energy, coS, needed to initiate and support the dislocation climbing is

increased by factor n due to the elastic stresses from the side of a group of n arrested

dislocations related to the lead moving dislocation, i.e., SW= conS.

Elementary dislocation theory (e.g. [41,42]) allows the n-number to be found as a

function of elastic properties of the diffusion zone: (n)Collrell =2S/S'O [43], if stresses S not

too much differ from S'o where

2n{\-

(24)

(24')

and fx - is the shear modulus; v - is the Poisson's ratio, and So is the stress, which any

particular dislocation experiences as a result of the forces exerted on it by its neighbors,

when the distribution of dislocation position and sign in a lattice is random [40]. Exponential

factor is due to correction to account stress-induced emission of point defects in diffusion

zone.

At stresses S » S'o and high temperatures combined effect of temperature and stress

lead to increase a number of dislocation loops in pile. The term "high" for temperature

means the values when vacance self-diffusion starts to dominanate over interstitial

mechanism of self-diffusion.

The Cottrell's number of dislocations participating to Bingham diffusion creep is to be

increased from first power to power between 2 to 3. From general consideration the total

number as a function of stress and temperature can be postulated in a form as follows:

(25)

Aa = Aaox\\-Exp\-^-pL\\x l-\-—-^\\ (25')

The definition of empirical parameters AaQ,Tp, A7\, will be discussed below.

The vacancy diffusion creep rate in terms of the Newtonian viscosity should be defined

via characteristic size of diffusion zones [40], i.e.:
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^e1
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where Dcff - is the effective volume self-diffusion coefficient; geqv is the equivalent

(characteristic) size of diffusion zones evaluated above. This size is not the same as grain

size. Network dislocations, which may act as vacancy sources and sinks, create some kind of

sub-grains within course grain structure of polycrystalline material. Where climbing

dislocations are the sources and sinks, characteristic parameter of Newtonian viscosity

becomes the average size of pseudo sub-grain structure (and real sub-grain structure as well)

[40]. Lifshitz [44] long ago recognized that, in a polycrystal, if grains were deformed by

diffusion creep, then grain-boundary sliding would have to take place, otherwise holes

would form at the boundaries on which the vacancies were depositing. Herring [45] had

pointed out earlier that the diffusion strain rate calculated for a single crystal must be quite

close to that of a polycrystal, because although local stresses are set up as a grain-packing

adjusts to prevent hole-formation, these stresses should be rapidly smoothed out by the

diffusion process. When, under stresses, the individual grains have undergone diffusion

creep, the vacancies that have precipitated tend to form voids, unless sliding occurs

simultaneously to prevent void-formation. It was shown in analysis by Cannon [46].

At the grain boundaries, where climbing dislocations are the sources and sinks, the

characteristic size of diffusion zone becomes average distance between dislocations (i.e.

and, hence, grain deformation due to diffusion creep is simply rcG1 /-J~p^. It

means, at the same time, that diffusion zones in grain volume must adjust such deformation

simultaneously to prevent holes- formation in grain volume. This enables evaluation for the

characteristic size of the diffusion zones in grain volume as follows: — g] = nG11 *[p~n or:
6

(27)

The dynamic of the diffusion creep process due to Newtonian and Bingham vicious flow

after all can be given by the equation as follows:

(28)
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where

. , _, ^ a)S' f S

x
kT n

(29)

I) <30)

Bingham function parameter expressed by eq.(30) can be re-written via Sink that is

more adequate form [40] and more convenient for any practical calculations. This form is

given by

2 aS' ( S s]2+Aa(SJ)

B = - x PnDBing x —±ef x Sinh—
n Ki y b0 j

The closed form solution of eq. (28) is

sc =£o+A&T + -Ln\ f\ (31)

where Ar = x— r0 and e0 = s(x0). The approximate solution for the creep equation can be

presented simply as:

£c~

£o- v e f -

B
V~A

B
V A

s = AAr + ̂ (£0+£f)
2 +2BAr -ef (32)

Two function parameters of the BNR-creep model are of considerable importance in

controlling a wide range of physical and mechanical properties of polycrystalline materials

under irradiation and out-of-reactor conditions. These are the effective self-diffusion

coefficient and the density of network dislocations. There are two types of defects in

polycrystalline materials, which have to be considered in the context of the diffusion

problem, the vacancy dislocation loops, which are the most favourable energetically and

have to be formed as a result of collision cascades collapse, and network dislocations. Once

created, any particular depleted zone of the collapsed cascade is a sink for the point defects

created at other cascade zones. Since interstitial atoms migrate more rapidly than vacancies

in the metals of interest, most of the point defects, which escape cascade zones are

interstitial atoms and most of the point defects that arrive at the zone are interstitial atoms as

well. This results in healing of the collapsed cascade zone.
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The process should look like the recombination of interstitial atoms arriving at a

depleted zone with vacancy loops formed at the site of the collapsed cascade.

The rate of recombination depends on three factors. These are (a) the mobility of

interstitial atoms arriving from other zones directly at the site of vacancy loop and

characterised by the self-diffusion coefficient DT 2 , (b) the rate at which the vacancies of the

depleted zone can migrate in their spongy configuration in the depleted zone with self-

diffusion coefficient DT, and (c) the volume density of the vacancy loops.

The vacancy dislocation loops as recombination centres trap interstitial atoms and

effectively reduce their acting mobility. If NL is the number of such loops per unit volume

and RL is the effective radius characterising the recombination centre formed by cascade

collapse, then the probability per unit time for interstitial atoms to be trapped by such a

recombination centre is simply:

aL = 2nR,NLDT (33)

where partial self-diffusion coefficient, DT, is given by eq.(14). Parameter NL can be

obtained from the value of loop-loop separation distance at the site of cascade collapse.

W.J.Phythian has reported [38] that the loop-loop separation distance based on the

calculated production data is to be ~ 6 nra in the materials of interest. Taking for the damage

cascade diameter a value of ~ 10 nm as it has been obtained experimentally [37], then the

volume density of the recombination centres on the sites of collapsed cascades will be ~

210 cm" . The characteristic radius of these recombination centres is to be consistent with

the radius of the depleted zone of collapsed cascades, which is ~ 1.5-2 nm according to

C.C.Dollins [37]. These parameters are used in BNR creep model equations.

De-trapping is a possible process as a result of thermal emission, which is energetically

unfavourable or knocking out from the side of a newly formed damage cascade. This effect

knocking out ((de-trapping)) is to be controlled by the rate factor bf defined by eqn. (4).

If the partial self-diffusion coefficients are known, then a resulting effective coefficient

controlling self-diffusion in a polycrystalline mate under fast neutron flux irradiation is:

Deff=Dveff+2b2pnxDN, (34)

where
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°f
(35)

for a polycrystalline under irradiation conditions, or

Dv,eff = Dth(T) (35')

without irradiation, where Dlh is the thermal self-diffusion coefficient for unirradiated

polycrystalline material, and

DBmg =*b2
PnxDN x - ^ - + DT x—bJ— (36)

bf +aL bf + aL

where DN is the self-diffusion coefficient associated with the interstitial mobility at the

dislocation sites:

(37)

and parameter AQel reflects the elastic influence on the equilibrium concentration of point

defects at a site of network dislocation from the neighbouring dislocations:

As-fabricated polycrystalline material contains a stress independent density of network

dislocations formed during the manufacturing process. For unirradiated Zircaloy-4 the initial

network dislocation density,yq, „, is rather high, i.e. ~1010 to 1011 cm'2 [47]. Under

irradiation with fast neutron flux an initial network dislocation density comes under the

influence of resolution effects from the side of continuously formed cascades, due to that it

is gradually "melted" and, hence, tends to some equilibrium limit.

The equilibrium density of network dislocations controlling the viscous flow properties

and the characteristic size of diffusion zones under fast neutron irradiation can be estimated

by assuming that one diffusion zone is formed per each high energy primary knock-on. It

gives:

(39)

- 34 -

SMIT}•lxlffcm



JAERI-Research 99-069

and the density of the diffusion zones, pn, for any particular time period can then be

presented in a form as:

PM) = Pn,,rr + (PM ~ Pn,,rr)Exp\- ^f^\ (40)

where Fs is the material dependent parameter with the dimension of fluence and

characterising the rate of relaxation of density of the diffusion zones under fast neutron flux,

<p, irradiation. The values 1020 and 1021 n/cm2 for Fs parameter for Zr+l%Nb and Zircaloy-4

are correspondingly applied in the BNR creep model.

The values for D0N and QN can be calculated theoretically, but currently they are

"free" parameters of the BNR-model and are obtained from model interpretation of out-of-

pile thermal creep data [48,49]. A few examples of the BNR-cieep model calculations for

one set of parameters as for Zircaloy-4 are illustrated at Figures 1 and 2 in comparison with

out-of-pile experimental data available due to [48,49]. The temperatures were not high to

initiate emission of stress-temperature induced dislocation loops and parameter

Aa(S,T)~0. So these two examples demonstrate principal applicability of "theoretical"

part of the BNR-creep equation expressed by (28) along with function parameters (29) and

(30). For the non-linear stress-temperature function Aa(S,T) introduced empirically by

form (26), the values of parameters Aor0, Tp, ATp were derived based on comparison

between model calculations and creep data for high temperature (675 K) as available due to

reference [48]. The set of parameters Aao=1.5, Tp =615 AT, ATp = 25 K has been

obtained to simulate very closely experimental data as shown in Figure 3. After calculations

the values for D0N and QN as follows: D0N =1.5xl08 cm2s~l and QN = 269 kJ/mol as

the best fit to the experimental data have been derived.

Figures 4 and 5 show the typical results of BNR-creep model predictions for commercial

PWR fuel rods and one test fuel rod. These results are only qualitative and are to

demonstrate good consistence with PIE data reported for instance in [49,50].
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3.9 Synopsis and Conclusions

A new diffusion creep model for polycrystalline materials such as Zircaloy-4 has been

developed and proposed. The model entitled BNR-creep model - Bingham-to-Newtonian

Relaxation of diffusion zones - was constructed under ambitions "from first principles - to

principal practice applications". The complexity of the BNR-creep model suits the level

needed for calculation with fuel performance computer codes.

Thermal creep in polycrystalline alloys differs significantly from that under neutron

irradiation at the same temperature level. Under neutron irradiation, for instance, model

calculations predict a creep down of the LWR fuel rod cladding at a relatively high rate at

the beginning-of-life if a neutron fluence is below ~ 1020-1021 n/cm2 and a considerably slow

down when fluence is proceeding to increase. In out-of-pile thermal creep tests the process

develops more gradually. But the nature of the process in both cases is the same and can be

satisfactorily explained in terms of viscous Newtonian and Bingham flow properties mainly

controlled by self-diffusion of the point defects in polycrystalline and network dislocations.

It is network dislocation density evolution with neutron irradiation that most likely

responsible for the observed differences in the thermal creep under irradiation and out-of-

pile tests at reference temperatures and stresses.

In terms of the formulated viscous approach an increase in the yield strength with

fluence to some upper limit at fixed temperatures simply reflects evolution of the network

dislocations with fast neutron fluence and an increasing of the characteristic size of the

diffusion zones.

Neutron irradiation becomes a key factor of thermal creep due to mainly two effects:

irradiation-induced and irradiation-enhanced self-diffusion mechanisms and lattice

microstructure changes driving restructuring of an initial network of dislocations and falling

of their density to an equilibrium limit. The limit itself (after relatively short radiation time)

is controlled by the characteristic size of damage cascades initiated by fast neutron knock-on

effects. From a methodological position, the Newtonian and Bingham viscous mechanisms

of flow in polycrystalline materials being re-formulated in terms of diffusion zones capable

to explain the macro-process (thermal creep) via very localized mass flows. And no macro

mass transfer is needed to support the thermal creep process in polycrystalline materials

such as Zircaloy-4.
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Figure 1.
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and calculated with BNR-creep model

Figure 2.
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Figure 4. Qalitative comparison of BNR-creep model predictions
for PWR type fuel rods verses typical PIE data
as reported by W.E. Baily et al. [13])
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