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Advanced Nuclear Technology International Europe AB (ANT International®) 

and its subcontractors. ANT International has exercised due diligence in this work, 

but does not warrant the accuracy or completeness of the information. 

ANT International does not assume any responsibility for any consequences 

as a result of the use of the information for any party, except a warranty 

for reasonable technical skill, which is limited to the amount paid for this Report. 
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1 Introduction 
The entire area of corrosion (and the accompanying absorption of hydrogen in the zirconium 
metal matrix) is of prime interest when considering performance of the core components and 
therefore the performance of the entire reactor. For instance, a practical corrosion limit exists (for 
Pressurized Water Reactors (PWRs). The growth of oxide films on Zr-alloy Fuel Rod (FR) 
Claddings and Structural components has been treated extensively in the literature and the most 
important parameters impacting PWR corrosion rate are discussed in this Report, as follows:  

 Temperature. 

 exposure time, 

 water chemistry, including impurities and Chalk River Unidentified Deposits (CRUD), 

 neutron flux, 

 Zr-alloy chemistry and condition, 

 late acceleration of in PWR corrosion after formation of a dense hydride layer, irradiation 
induced dissolution of Second Phase Particles (SPP), or LiOH incorporation in the inner part 
of the oxide layer. 

 Increase of corrosion or decrease of oxide thermal conductivity at high Burnups (Bus). 

Corrosion of the Zr-alloy claddings and structural components proceeds quite different in the 
different reactor systems, such as PWR, Voda Voda Energo Reactor (Russian type PWR) (VVER), 
Boiling Water Reactor (BWR), Reaktor Bolshoi Mozhnosti Kanalov1 (RBMK), Canadian Deuterium 
Uranium (CANDU), due to the different FR surface temperatures and water chemistry in the 
different types of power reactors. FR corrosion in PWRs is particularly affected by the thermo 
hydraulic characteristics of the PWR and the fuel duty. Therefore it is necessary to deduce 
corrosion constants from the measured oxide data that can be applied for predictions of the 
corrosion behaviour:  

1) In the same reactor for an any power history or 

2) in any other PWRs respectively. 

The deduced corrosion constants can also allow a comparison of different material compositions 
and conditions for a future optimization of the Zr-alloys used for PWR fuel.  

This Report describes and discusses the principle assumptions and constants, proposed in the 
literature for corrosion of Zr-alloy claddings in PWRs.  

Furthermore an analytical model of measured oxide layers (Matthias-I) as well as a predictive 
model (Matthias-II) is described. The thermal hydraulic equations used to calculate the 
temperature and the corrosion equations governing the oxide layer build up are given together 
with the default numbers applied in the two codes. The default numbers can be changed, if desired. 
The program is written applying Microsoft Visual Basic 2010. An executable code version of the 
PWR FR oxide analysis program, Model that can be used on computers with Microsoft Windows 
XP or higher is provided together with this Report.  

The described analysis tool is then used for an evaluation of literature oxide data. Finally 
conclusions are given on the effect of fuel clad chemical composition and conditions as much as 
possible from the published information. 

In the Appendix the predictive model along with a User Manual for the PWR, FR oxide analysis 
program are provided. Also, the Appendix gives recommendations for various detailed analysis. 

                                            
1 In English Large Boiling Water Channel type reactor 
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2 In-PWR corrosion behaviour, principle assumptions 
and constants applied 

2.1 Out-reactor corrosion and basic assumptions for 
in-PWR clad corrosion modelling  

In most models the evaluation of the in-PWR corrosion is based on the out of reactor corrosion 
behaviour of Zr-alloys in oxygen free water. Out of reactor, in oxygen free water, the corrosion 
forms at first a dense protective oxide film. Initially, the corrosion kinetics in the temperature 
range on 250-400°C follows an approximate cubic law (Figure 2-1), the rate decreases with 
increasing oxide layer thickness, S, and time, t.  

Eq. 2-1: S3=k.t 

S3 = k.t  

where  

S is oxide layer thickness,  

t is time, and 

k is a constant.  

At a certain thickness, the so called transition thickness (STrans = 1.5-3 μm) the oxide layer becomes 
porous causing a rate transition. After this transition, the corrosion rate is more or less constant 
and is governed by the thickness and quality of the innermost part of the oxide layer that controls 
the corrosion rate. This innermost part of the oxide layer is often called barrier layer. It should be 
mentioned, that the thickness of the barrier layer is always less than the total oxide thickness even 
in the pre-transition range, as Transmission Electron Microscopy (TEM) and penetration tests 
have shown.  

 

Figure 2-1: Schematic representation of the corrosion behaviour of Zircaloy (Zry)-4 in the temperature range 260-400°C, after 
[Hillner, 1977]. 
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The corrosion rate (ds/dt) before and after the rate transition shows an exponential temperature 
dependence. For the post transition corrosion rate, which is most important for in-PWR corrosion 
modelling the following equation is used: 

Eq. 2-2: ds/dt = C. exp(-Q/RT), 

where  

C is the corrosion constant that depends on Zr-alloy composition and final heat treatment 
condition, 

Q is the activation energy, 

R is the gas constant, 

T is the absolute temperature.  

The temperature effect on corrosion rate is related to the increased transport rate of the corrosion 
species responsible for the oxide growth (electrons and/or oxygen ions) with increased 
temperature. The activation temperature, Q/R, is reported to be between 11000 and 16000 K and 
appears to be quite independent of the Zr-alloy composition and final heat treatment condition.  

This general model for the out-of-reactor corrosion process in oxygen free water is widely 
accepted, although it was pointed out, e.g. [Bryner, 1979], that the quasi-linear corrosion is in 
reality a periodic corrosion behaviour, repeating the first stage of oxide growth and transition at 
least at short to intermediate exposure times, see Figure 2-1.  

A remarkable periodic repetition of certain features in oxide structure with distance from the 
metal/oxide interface was observed with different techniques, e.g. [Motta et al, 2006]. Optical 
microscopy and Scanning Electron Microscope (SEM) showed lateral cracks Figure 2-2 developed 
in the oxide with a certain periodicity. Also, variations of grain shape (columnar and equiaxed) X-
ray peak intensities for both monoclinic and tetragonal zirconia, and texture were observed with 
distance form the metal/oxide interface.  

The periodic repetition of lateral cracks was also observed for oxide formed in autoclave and in 
out of pile loops under a heat flux, and also for oxide layers formed in PWR at least for oxide 
thicknesses < 30 μm, e.g. [Bossis et al, 2006].  

Considering the repeated corrosion rate transitions with time, see Figure 2-2, [Pêcheur et al, 2004] 
and [Bonieau et al, 2007] described in their model the corrosion behaviour with a cyclic behaviour 
of repeated corrosion rate transitions. Their model assumes the repetition of: 

Eq. 2-3: Growth by diffusion: ds3/dt = k.exp(-Q/RT) 

until the oxide thickness reaches a thickness where a corrosion rate transition occurs:  

 s = strans 

where  

s = the oxide layer thickness in μm, 

t is the time, 

k is the corrosion constant (e.g. 6.92E9 for Zry-42 and M23, 

strans is the transition thickness (e.g. 1.75 for Zry-4 and 2.08 for M2), and 

Q/R is the activation temperature (e.g. 16.000 K). 

                                            
2 Zr1.5%Sn0.2%Fe0.1%Cr 
3 Zr1%Nb 
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Figure 2-2:  Corrosion of Zry-4 in autoclave at 340-360°C, after [Bonieau et al, 2007]. 

Several models, to predict the PWR fuel cladding corrosion behaviour, have been proposed over 
the years. Some of them are listed in Table 2-1 together with the information on the basic concept 
and the most important parameters, such as the used corrosion rate constants and activation 
temperatures for the pre- and post-transition range, the transition thickness, as well as the applied 
thermal conductivity of the oxide layer. Most models assume that there is an initial period where 
corrosion is similar as that out reactor and that corrosion rate is only increased above a certain in-
PWR transition thickness, which varies between 2 and 6 μm. In the following the important 
parameters will be discussed. 

Many models consider several other parameters, in addition to temperature having an impact on 
corrosion rate. Most other parameters are taken into account in the Electric Power Research 
Institute (EPRI) PFCC code. For pre transition corrosion behaviour, only the potential effects of Li 
and of a very low SPP size, was considered in the equation: 

Eq. 2-4: ds3/dt = C1
. exp(-Q/R/T).FLi1

.[1+FFe] 

and ttrans = Strans
3/(ds/dt) 

where  

t = time in days, 

s = oxide thickness in μm, Strans = 2 μm, 

C1 = an experimental constant = 5.8876 • E10 μm3/d, 

Q1/R = an activation temperature = 16950 K, 

T = the oxide/metal interface temperature in K, 

FLi1 = a lithium factor deteriorating the oxide protectiveness, and FFe = a SPP dissolution term, see 
Sections 2.3 and 2.6.1 for more details. 
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For post transition corrosion behaviour the separate effects of Li, Tin content of the cladding, heat 
flux, radial hydrogen distribution, SPP dissolution, and oxide radiation damage effect are 
considered in the EPRI PFCC code by the following correlation: 

Eq. 2-5: ds/dt = C2
.exp(-Q/RT).FLi

.FSn
.FQQ

.[1+FH2+FFe+Fφ]  

where 

s = oxide thickness in μm, 

t = time in days, 

C2 = post-transition rate constant, taken equal to 8.198E6 μm/d (for hydrogen content less than 
400 ppm), 

Q2/R = activation temperature, 12500 K (for hydrogen content less than 400 ppm), 

T = metal-oxide interface temperature, K, 

FLi = lithium hydroxide corrosion enhancement factor, 

FSn = tin content corrosion enhancement factor, see Sections 2.3 and 2.6.1 for more details, 

FQQ = heat flux (QQ) enhancement factor, see Sections 2.3 and 2.6.1 for more details, 

FH2 = hydrogen radial redistribution corrosion enhancement factor, see Sections 2.3 and 2.6.1 for 
more details, 

FFe = precipitate irradiation dissolution effect corrosion enhancement factor, see Sections  2.3 and 
2.6.1 for more details, 

Fφ = oxide radiation damage effect corrosion enhancement factor, see Sections 2.3 and 2.6.1 for 
more details. 

The metal-oxide interface temperature, T, is calculated in the EPRI PFCC code from the single 
channel model-determined cladding wall temperature using 1.5 W/(m∙K) for the thermal 
conductivity of zirconium oxide (ZrO2). 

Obviously there are quite different models for analysis and prediction of in-PWR corrosion 
behaviour of Zr alloys. It will be shown in the next sections that the state of knowledge is not 
good enough to judge on the correctness of all the different models. However, it has to be pointed 
out that conclusion from analysis with a particular model cannot be compared to conclusions 
derived with another model. For this report it was decided to apply the Siemens model with its 
particular corrosion constants (as default constants), because it allows comparison with the 
particular corrosion constants (enhancement factors) of the largest published data base for very 
different material composition and final heat treatment conditions. 
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Table 2-1: Basic concept, used corrosion rate constants, activation temperatures, transition thickness, and applied thermal conductivity of the oxide layer for different models to 
predict PWR Zry-4 cladding corrosion.  

Model Basic assumption on corrosion rate 
Pretransition  Transition Post transition Thermal cond. 

of oxide layer References Q/R Rate const n at Q/R Rate const
K (µm/d) (µm) K (µm/d) W/(cm·K)

EPRI/KWU4/CE5 increases after transition depending 
on fast flux (for Zry-4) 16266 6.30E+09 3 2.2-2.4 13775 8.04E7+2.59E8 * 

(7.46E-15 * φ) 0.25 0.015 [Garzarolli et al, 1982a] 

Siemens is as out reactor up to transition and 
increases then by FF (~4 for Zry-4) 14200 1.50E+08 1 ~5 14200 1.5E8*FF 0.015 [Garzarolli et al, 1985a,1993,1996a] 

Advanced Nuclear Fuel 
(ANF) 

1978 MATPRO model, increases 
by temperature dependent A and 
independent E 

15660 4.97E+9*A 3 1.3–1.9 14080 8.288E+7*A*E 0.0173 [Van Swam & Shann, 1991] 

British Nuclear Fuels 
Limited (BNFL) 

increases after transition by FF, 
depending on fast flux and material, 
Recrystallized (RX)-degree, H-content, 
Li-content 

16250 5.07E+13 3 2.2 14172 1.5E8*FF 0.015 at <48 µm  
0.008 at >65 µm [Polley et al, 1992] 

ABB increases linearly with fast flux and 
the oxide thickness >6 µm 16260 1.34E+10 3 2.3-2.6 13775 1.04E8* 

(1+F · φ · (Sox-6) 0.022 [Forsberg et al, 1995] 

EPRI-PFCC increases after transition depending 
on fast flux, Fe-cont., Sn-cont., 
SPP-size, H-cont., Li-cont.. 16952 5.88E+10 3 2 

12500 at 
<400 ppmH 

4600 at 
18800 ppmH 

C · φ0.25 0.015 [Levy et al, 1995] 
[Cheng et al, 1996] 

CEA6/EDF7/ 
FRAMATOME 

follows repeated transition and 
increases in PWR after transition 
to ≈2 and >18 µm to≈5 (for Zry-4) 

16000 6.92E+09 3 1.75 for Zry-4 
2.08, M2 16000  0.022 (>18 µm 0.008) [Pêcheur et al, 2004] 

φ = fast neutron flux in n/cm²-s, F or FF = fitting factor, Sox = oxide thickness, A=120*exp(-0.0071*T), E = temperature independent multiplication factor 
ANT International, 2012 

 

                                            
4 KraftwerkUnion 
5 Combustion Engineering 
6 Commissariat à l'Energie Atomique 
7 Electricité de France 
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3 Corrosion modelling 

3.1 Important PWR FA data 
There are a wide variety of different types of FAs for PWR, e.g. from 14x14 to 18x18. Figure 3-1 
shows a typical PWR FA. In this figure all the different FA components are shown and the material 
selections for these components are provided too.  

As far as the FR diameter is concerned one can separate the PWR FA designs with thick (~11 mm) 
and with thin FRs (~9.5 mm). FA designs with thick rods are the: 

 14x14 and 15x15 FAs for Westinghouse Type PWRs, 

 15x15 (Mark B) FAs for B&W PWRs,  

 14x14 FAs for CE PWRs and 

 15x15 and 16x16 FAs for Siemens PWRs.  

FA designs with thin rods are the: 

 17x17 FAs for Westinghouse Type PWRs, 

 17x17 (Mark C) FAs for B&W PWRs,  

 16x16 FAs for CE PWRs and 

 18x18 FAs for Siemens PWRs.  

The pitch9 between the individual FRs is about 1.33 times larger than the FR diameter and the 
average distance between the outer rows of neighbouring assemblies is about 1 mm larger than the 
distance between internal rods.  

Each FA contains 16-25 GTs with an OD about 1.28 times larger than the FR diameter. Only in 
case of the CE-FAs there are only 5 thicker GTs replacing 4 FRs per GT.  

                                            
9 distance between the centre of two adjacent rods 
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Figure 3-1: Typical PWR FA [Cox et al, 2005]. 

Around each FR4, potentially different, sub-channels exist for the coolant flow. The different types 
of sub-channels present in a PWR FA are illustrated in Figure 3-2. It can be seen that the sub-
channel size varies depending on the proximity of the FR to other FRs, GTs or water gaps. Ideally 
the FRs can be subdivided into several categories, depending on the neighbouring FRs and the 
neighbouring sub-channels, in: 

 Internal FRs with only FRs as nearest neighbours, (FR position 0), 

 internal FRs with FRs and 1, 2 or 3 GTs as nearest neighbours. (FR position 1, 2 and 3), 

 peripheral FRs (FR position 4),  

 corner rod (FR position 5), 
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 and as a special case peripheral FRs with oxide measurements only at the outer periphery 
(Measurements of outer rods by line scans within an assembly, FR position 6). 

 

Figure 3-2: Differences in sub-channel geometry within the core illustrated by a part of a FA, after [Garzarolli et al, 1982a]. 

The important data that are needed for a PWR cladding corrosion model are:  

1) Reactor Fuel Data as the: 

 Reactor name, 

 No. of FRs per FA side (type, e.g. 14 for a 14x14 FA or 18 for a 18x18 FA), 

 No. of GTs per FA (ngt, e.g. 17 or 25), 

 active length in mm (e.g. 2440 or 4200 mm), 

 FR length in mm (2680 or 4490 mm), 

 length of the lower plenum in mm (e.g. 0 or 317 mm), 

 FR diameter in mm (dfr, e.g. 9.3 or 10.75 mm), 

 outer GT diameter in mm (dgt, e.g. 12.2 or 13.8 mm), 

 FR pitch in mm (pfr, e.g. 12.6 or 14.9 mm), 

 weight of uranium per unit FR length in g/cm (e.g. 4.7 or 5.8), 
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4 Evaluation of literature data with Matthias 1 
The evaluation of published oxide thickness profiles and oxide peak values of different FRs was 
done by use of the developed analysis program Matthias-I. For these analysis the reactor data, FR 
data, power history data, oxide thickness data for a given number of axial positions and cycles, 
and axial power shapes are input in the this analysis program (see Manual in Appendix A.1). After 
the start of calculation, the calculated results are exported to an EXCEL sheet (the LocalHeatFlux, 
SteamingRate, alpha_infinite, alpha_x, OxideLayerFF1, OxideLayerFF, Measured_OxideLayer, 
NormalizedTime, Parttime, FittingFactor, Tox_beg., Tox_end, and InputData). These data are 
then used for; 

 After the “start of calculation”, the calculated results are “exported to an EXCEL sheet”. In 
this EXCEL sheet the LocalHeatFlux, SteamingRate, alpha_infinite, alpha_x, OxideLayerFF1, 
OxideLayerFF, Measured_OxideLayer, NormalizedTime, Parttime, FittingFactor, Tox_beg., 
Tox_end, and InputData are given on separate pages. These data can then be used for the 
final analysis which may be: evaluation of the oxide growth rate in comparison to the 
corrosion characteristics of Zry-4 out-of- reactor (oxide thickness versus normalized time 
plot), 

 calculating the corrosion enhancement factor after the transition (e.g. 5 μm) as function of 
axial position,  

 calculating the average metal-oxide interface temperature, that can be deduced for the last 
cycle or part of a last cycle, by averaging the Tox_beg. and Tox_end. values during this period 
for the given axial positions. 

By: 

 Checking the steaming rate history for the given axial positions, 

 comparing the oxide layer thickness with the critical oxide layer thickness resulting in a 
hydrogen content of ≥300 ppm and, 

 evaluating the LocalHeatFlux data to assess whether the heat flux was ≥50 W/cm2 or not 
during the last irradiation period.  

It can be assessed if any corrosion enhancement due to boiling or hydride rim formation can be 
expected. For the analysis provided in Section 4, several input data have been used. The used 
reactor data, FR data, and power history data are given in Appendix B and the axial profiles in 
Appendix C. 
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4.1 Evaluation of published oxide profiles from Zry-4 
FRs with different BUs, with and without hydride 
rims varying also the basic corrosion constants 
(adjust parameters). 

The oxide thickness of Low-Sn-Zry-4 claddings often exhibits a local increase in the upper range 
of the FR due to the formation of a dense hydride rim, as reported in Section 2.6.1. Such a 
localized increased corrosion rate has been shown in Figure 2-42. [Seibold et al, 1995] reported 
that the oxide layer profile of the “Konvoi” FR H4 with a low Sn Zry-4 cladding at an elevation of 
2300 to 4000mm was increased due to a hydride rim. It was further reported that this hydride rim 
was formed during the 2nd cycle of operation at a rather high rod power if oxide thickness 
exceeded 20 to 25 μm. The increased corrosion rate continued into the third cycle although the rod 
power was low. The analysis of these oxide thickness profiles with the oxide analysis model 
Matthias-I for three different onset values of 0, 2, and 5 μm, when in-PWR corrosion increase 
(Soxtr) occurs are shown in Figure 4-1. For the analysis the reactor data, FR data, power history 
data given in Table B-1 and the axial profile “Generic-actL3900.exp” (Table C-1) were applied. 
The Figure 4-1d shows that corrosion enhancement (F) is different in the axial range with normal 
corrosion (below 2300 mm and above 4000 mm) and in the range with a hydride rim affected 
corrosion (between 2300 and 4000 mm). The deduced enhancement factor (F) of the normal 
corrosion values increases with increasing oxide thickness at start of enhanced corrosion (Soxtr), 
from 2.5 at a Soxtr of zero (Figure 4-1a), to 2.7 at a Soxtr of 2 μm (Figure 4-1b), and to 3.5 at a 
Soxtr of 5 μm (Figure 4-1c). Such changes of F can be expected considering similar modifications in 
Figure 3-6. The corrosion rate at the positions with a hydride rim is 6-7 times larger than the post 
transition corrosion rate of std. Zry-4 out of reactor (F), which means more than 2 times larger 
than the normal in-PWR corrosion rate. 
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Figure 4-1: a)-c) Deduced Oxide Thickness versus Norm. Time assuming start of enhanced corrosion rate at 0, 2, and 5 µm. d) 
Corrosion enhancement factor, F, assuming that the start of enhanced corrosion occurs at 2 µm versus Axial 
Position from the reported oxide thickness profiles after 2 and 3 cycles of the Konvoi FR H4 with a low-Sn Zry-4 
cladding [Seibold et al, 1995]. 

This rod suffered from the formation of a hydride rim by applying the default values (thermal 
conductivity of the oxide layer = 0.015 W/(cm∙K), corrosion rate constant = 1.5E4 cm/d, and 
temperature dependency of corrosion rate of Q/R = 14200K) of the program Matthias-I.  

The corrosion behaviour of Zry 4 with 1.53% Sn (Std.) and 1.22%Sn (Low-Sn) can be deduced 
from the oxide profiles reported by [Levy et al, 1995] and shown in Figure 4-2. The two FRs, 2804 
and 2701, were irradiated in the Swiss PWR Gösgen at rather high duty conditions. The FR oxide 
thickness was measured after 2, 3, and 4 annual cycles at BUs of 29, 41 and 51 MWd/kgU, 
respectively. The FR cladding with 1.53% Sn showed larger oxide thickness values (max. 102 μm) 
than that of the FR with 1.22% Sn (max. 86 μm). The analysis of these oxide profiles was 
performed using the reactor data, FR data, power history data given in Table B-2 and the used 
axial profile “Generic-actL3658.exp” in Table C-2.  
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5 State of knowledge on in PWR Zr-Alloy corrosion 
kinetics 

It has to be mentioned that the analyses performed in this report have some uncertainty, because 
the actual operation and thermal hydraulic data are not fully known so they have been estimated 
as good as possible. In most cases the PWRs were base load operated and the use of the EFPD as 
cycle length is relevant for FR oxidation analysis. However some of the PWRs, have been operated 
at a reduced power for long periods. In such cases the cycle length as well as the cycle power 
history (time steps of the axial profile) should include all periods with varying powers for an 
accurate analysis. For the calculations included in this report only a longer exposure time, but no 
power variations were considered for such cases. Furthermore, the oxide layer thickness was 
usually estimated by EC. EC, has however, shown a certain bias if compared with the more 
accurate thickness estimated by metallography in many cases. This bias results in a rather large 
uncertainty of the true oxide thickness, if the oxide thickness values are small, such as e.g. in the 
lower part of the FR or for low BUs rods. However, this uncertainty is much smaller for the upper 
part of high BU FR with larger oxide thickness. Thus only data from higher elevations and not too 
low BUs have been used for the correlations shown in the following. 

Probably the largest published data base on corrosion behaviour of Zr alloys in PWR is from the 
extensive program of Siemens performed in the Swiss PWR Gösgen and several Vorkonvoi and 
Konvoi German PWRs. Similar assumptions were used for the analyses reported here by 
application of the default corrosion constants of the Matthias-I program. 

From the analyzed oxide profiles it can be concluded that the corrosion of Zr-alloys depends on 
time (t) and exponential on temperature at the metal oxide interface (T) and can be reasonably 
described by:  

Eq. 5-1: Normalized time = Σ ti • exp(-14200/Ti) 

The analyzed oxide profiles have furthermore shown that there is always a critical oxide thickness 
at which corrosion rate is enhanced (Str). Above this critical value, the corrosion rate is increased 
(or decreased in comparison to the out-of-reactor corrosion rate of Zry-4) to a certain degree 
depending on material composition, material condition, and in some cases on BU. For most of the 
analyses performed in this report, Str was set to 5 μm. Besides this fast fluence corrosion 
enhancement occurring at an oxide thickness >5 μm there are several other potential causes that 
may increase corrosion rate above a certain oxide thickness or at a certain axial positions in 
addition, such as: 

 Formation of a hydride rim, 

 local steaming, which is considered to affect corrosion in the modified fuel duty Index, 

 local temperature increase due to formation of a dense CRUD layer, 

 steaming induced enrichment of Li in the outer porous layer above a critical concentration. 

The hydride rim induced increase of corrosion rate was often seen among the analyzed oxide 
profiles. It was always noticed when the hydrogen pickup was larger than ~300 ppm and the 
surface heat flux at that moment was above of ~50 W/cm2. The analyzed oxide profiles did not 
indicate any influence of steaming on the in-PWR corrosion rate. Weak indication of CRUD 
induced corrosion acceleration was seen in a few cases but Li increased corrosion rate was not 
seen, as expected. 

The analyzed oxide profiles and peak oxide values of PWR FRs with Zry-4 claddings suggest that 
corrosion enhancement increases at high BUs. Such an enhancement was already reported by 
[Seibold & Garzarolli, 2002] for Zr-Sn-FeCr alloys and it was pointed out that the onset BU 
increased with decreasing Sn content.  
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Figure 5-1 shows the deduced F-values for:  

 Rod positions which was not affected by spacers and/or hydride rims and with an oxide 
thickness > 5μm,  

 the peak axial oxide values reported from experiments in Vandellos-II and Ohi-4. 

Together with the trend curves of [Seibold & Garzarolli, 2002]. The figure shows a clear effect of 
BU which is somewhat delayed for low-Sn Zry-4 and a very good agreement between the new data 
from several PWRs, mostly Westinghouse-plants and the former trends from Siemens plants can be 
seen. Certainly, this does not necessary prove that in-PWR corrosion of Zry-4 increased at high 
BUs. The observed effect could certainly also be caused by a reduction of the thermal conductivity 
as for instance [Polley et al, 1992] assumes in his corrosion model. A disappearance of the BU 
effect on corrosion rate was also seen in this study by use of a very low thermal conductivity 
(0.005 instead of 0.015 W/(cm∙K)) as shown in Figure 4-5c and d. Nevertheless, the analysis of 
FRs with Nb containing Zr alloys, such ZIRLO or MDA does not show a similar corrosion 
acceleration at high BU and is thus a strong argument against the thermal conductivity reduction 
theory.  

 

Figure 5-1: Effect of local BU on in-PWR corrosion enhancement of Zry-4 claddings at oxide thickness values > 5 µm.  

[Bossis et al, 2006] explained the corrosion increase for Zry-4 claddings at high BUs (oxide layer 
thickness values) with by the formation of veins (Figure 5-2). His idea may well be the reason for 
the acceleration of corrosion enhancement of Zr-Sn-FeCr alloys at high BUs. The very wavy 
structure of the oxide/metal interface, usually observed for Zr-Sn-FeCr alloys, with a pronounced 
vein structure should be connected with an enrichment of the rather noble element Sn at 
metal/oxide interface positions that will be oxidized last Such local variations in the Sn content at 
the metal/oxide interface may cause quite large variations of the Zry creep strength [Adamson 
et al, 2009]. The easy oxidizing Nb will very likely not experience a similar displacement as Sn and 
because of its large effect on creep minimize any local variation of the creep strength. 

The Nb containing alloy ZIRLO does not indicate any corrosion acceleration at high BU 
(Figure 5-3), at least up to 67 MWd/kgU. Also in case of MDA no acceleration is indicated up to 
60 MWd/kgU, and in case of Low-Sn-ZIRLO, and M-MDA no corrosion enhancement can be 
noted at least up to 70 MWd/kgU (Figure 4-20 and Figure 4-22). 
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In addition to the high BU corrosion enhancement at high temperatures, shown in Figure 5-1 Zry-
type alloys, which corrosion resistance is based on the number density, distribution, and size of 
Zr(Fe,Cr)2 precipitates an other high BUs corrosion enhancement occurs at at surface temperatures 
below 330°C due to the irradiation induced dissolution of the precipitates, e.g. [Pêcheur et al, 1994] 
and [Seibold & Garzarolli, 2002]. This effect was not analyzed with Matthias-I considering that the 
oxide thickness values estimated by EC are not accurate enough for a reliable analysis of this effect. 

 

Figure 5-2: Cross section SEM micrograph, on s, in backscattered electron mode, of Zry-4 oxide layers formed in PWR after 
6 cycles at span 6. Note the presence of radially distributed cracks free veins at a) macroscopic and b) 
microscopic levels and the correlation between the localization of radial cracks and these veins. 

 

Figure 5-3: Effect of local BU on in-PWR corrosion enhancement of ZIRLO claddings at oxide thickness values > 5 µm.  

Sn has a major effect on PWR corrosion even at BUs below 50 MWd/kgU, e.g. [Seibold & 
Gartzarolli, 2002]. The Sn-free FRs exhibit the lowest oxide layer thickness and alloys with highest 
Sn the highest. Figure 5-4 combines: 

 The previously published results on in-PWR corrosion, [Seibold & Garzarolli, 2002],  
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Appendix A − User manual for the attached computer 
Software 

Two different computer programs were developed for this report: 

 An Oxide Data Analysis Model, Matthias-I and. 

 An Oxide Thickness Prediction Model, Matthias-II. 

Both programs were written with Microsoft Visual Basic 2010 Express. The source code was 
compiled to an executable version for the two programs. A CD-Rom with the two executable 
programs Matthias I and Matthias II is attached to the report. 

A.1 Oxide data analysis model, Matthias-I 
After the start of the “Oxide Data Analysis Model”, Matthias-I program the “Enter Data” button 
has to clicked upon. Then the characteristic FR data have to be inserted in the Reactor Fuel Data 
table such as: 

Reactor name a string with a range of 1-30  

FRs per FA side an integer with a range of 1-20 

GTs per FA an integer with a range of 0-25 

Active length (mm) a float with a range of 100-4000 

Total FR length (mm) a float with a range of 100-4000 

Lower plenum (mm) a float with a range of 0-400 

FR-diameter (mm) a float with a range of 8.5-12.5 

GT-diameter (mm) a float with a range of 10-18 

FR-pitch (mm) a float with a range of 10-16 

FA-pitch (mm) a float with a range of 1-300 

U-length-weight (g/cm) a float with a range of 2-7 

Number of spacers an integer with a range of 0-20 

Number of mixing-grids an integer with a range of 0-20 

Height of spacer grid  a float with a range of 0-60 

Height of mixing grid a float with a range of 0-60 
ANT International, 2012 

 

Furthermore the axial position of the upper end of each spacer grid and if exist mixing grid has to 
be entered in mm. The data can be saved, or if already saved previously, the data can be loaded. 
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Then the FR and Oxide Data latch has to be opened, containing three different tables. In the table 
on the left side General FR information have to be input, such as: 

Reactor name a string with a range of 1-30 

FA name a string with a range of 1-30 

FR name a string with a range of 1-30 

Cladding a string with a range of 1-30 

Lot a string with a range of 1-30 

Number of cycles an integer with a range of 1-30 

Number of axial positions an integer with a range of 1-100 
ANT International, 2012 

 

In the table in the upper part of the right side the Fuel operation information have to be input for 
each FR exposure cycle, such as: 

Name cycle:1  cycle:2  cycle:n 

FR-Pos. integers with a range of 1-30 

Cycle length (EFPD) floats with a range of 1-2000 

Core/Fuel-power ratio floats with a range of 0.2-2 

Tin (deg. C) floats with a range of 220-330 

Pressure (bar) floats with a range of 120-170 

Coolant flow (kg/FR-s) floats with a range of 0.1-0.8 

Rel. flow-rate floats with a range of 0.2-2 

FR-BU (MWd/kgU) floats with a range of 0-150 
ANT International, 2012 

 

The number of cycles will entered automatically, as given in the General FR information table on 
the left side. The FR-Position is defined as shown in the FR-Pos Fields {0=internal FR with only FR 
neighbours, 1=internal FR with 1 GT neighbour, 2=internal FR with 2 GT neighbour, 3=internal 
FR with 3 GT neighbour, 4=peripheral FR, 5=corner rod, 6=peripheral FR with oxide 
measurement at the outer periphery (line scans)} 

In the lower table on the right hand side Oxide Data have to be input for the number of axial 
positions and cycles defined in the General FR information table on the left side. For the number 
of positions the axial distance from bottom in mm (0-5000) have to be inserted. The oxide 
thickness values averaged around the circumference in μm (0-1000) have to be input for the 
different axial positions and cycles. For all positions and cycles where no data exist a “zero” (0) 
has to be entered. The data can be saved or if they have already been saved previously they can be 
loaded. 
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Afterwards the Axial Profile latch has to be opened and the Time steps per cycle and the No of 
axial positions have to be defined in the axial profile settings table.  

Reactor name a string with a range of 1-30 

FA number a string with a range of 1-30 

Timesteps an integer with a range of 1-30 

No. of axial positions an integer with a range of 10-100 
ANT International, 2012 

 

Then, for each time step of each cycle the relative duration (f 0.001-1) and relative power (0.5-2) 
has to be entered in the Axial Profile table in the lower part. For each axial power segment of each 
time step of each cycle, the relative axial power ((0.1-2) as deduced from core calculation or in 
core measurements has to be provided. 

Name "Cycle:1Time: 1"  "Cycle:1Time: n"  "Cycle:2Time: 1" 

Relative duration floats with a range of 0.001-1 

Relative power floats with a range of 0.5-2 

Axial power of segment 1 floats with a range of 0.1-2 

Axial power of segment 2 floats with a range of 0.1-2 

Axial power of segment 3 floats with a range of 0.1-2 

Axial power of segment 4 floats with a range of 0.1-2 

Axial power of segment n floats with a range of 0.1-2 
ANT International, 2012 

 

The data can be saved or if they have already saved previously they can be loaded. 

Afterwards one has to go to the Matthias-I processing window and Start Calculation. After the 
calculation two buttons appear: 1) Show Graphic button, that opens a graphic showing an Oxide 
thickness versus Normalized time plot that compares the behaviour in the different cycles and 2) 
Export to EXCEL button, that open an EXCEL File containing the information on:  

1) LocalHeatFlux (for each cycle, time step and axial position). 

2) SteamingRate (for each cycle, time step and axial position).  

3) Alpha_infinite (the alpha number not considering any grid for each cycle, time step and axial 
position). 

4) Alpha_x the alpha number considering the entrance effects of the grids (for each cycle, time 
step and axial position).  

5) OxideLayerFF1 (the oxide layer predicted for an enhancement factor of 1 for each cycle, time 
step and axial position).  

6) OxideLayerFF (the oxide layer calculated with the deduced enhancement factor for the 
particular cycles and axial positions oxide data were put in). 

7) Measured_OxideLayer (the values put in).  

8) NormalizedTime (as calculated for each cycle, time step and axial position for the particular 
cycles oxide dada were put in).  

9) Parttime (the time during a time step after that corrosion enhancement has started, as calculatd 
for each cycle, time step and axial position for the particular cycles oxide dada were put in). 
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Appendix B − Reactor-, FR-, and power history input data for 
analyzed oxide profiles 

Table B-1: Konvoi FR H4 with a low Sn Zry-4 cladding. 

Reactor data FR data Power history data 

Reactor Konvoi Reactor Konvoi     

FRs per side 18 FA name C Cycle 1 2 3 

GTs per side 24 FR name H4 FR pos 2 2 2 

Active length (mm) 3900 Cladding LT-Zry-4 C length (mm) 296 328 329 

Total FR length (mm) 4830 Lot nn Core/fuel power 1.019 1.019 1.019 

Lower plenum (mm) 317 No. of cycles 3 Tin (°C) 291.8 291.8 291.8 

FR-dia. (mm) 9.5 No. ax. pos. 40 Pressure (bar) 158 158 158 

GT-dia. (mm) 12.32   Cool. flow (kg/FR-s) 0.321 0.321 0.321 

FR-pitch (mm) 12.7   Rel. flow rate 1 1 1 

FA-pitch (mm) 230   FR BU (MWd/kgU) 15.04 30.7 38.4 

ULW (kg/cm) 4.56       

Spacers 9       

Mixing grids 0       
ANT International, 2012 

 

Table B-2a: KKGg FRs 2804 and 2701 with Zry-4 claddings with 1.5 and 1.2% Sn. 

Reactor data FR data Power history data 

Reactor KKGg Reactor KKGg      

FR 2804 with 1.5% Sn 

FRs per side 15 FA name 7-47 Cycle 1 2 3 4 
GTs per side 20 FR name 28-04 FR pos 4 4 4 1 
Active length (mm) 3400 Cladding Zry-4 C length (mm) 325 298 309 303 
Total FR length (mm) 3859 Lot 1.53%Sn Core/fuel power 1.019 1.019 1.019 1.019 
Lower plenum (mm) 257 No. of cycles 4 Tin (°C) 292.9 292.9 292.5 292 
FR-dia. (mm) 10.75 No. ax. pos. 38 Pressure (bar) 155 155 155 155 
GT-dia. (mm) 13.8   Cool. flow (kg/FR-s) 0.405 0.405 0.405 0.405 
FR-pitch (mm) 14.3   Rel. flow rate 1 1 1 1 
FA-pitch (mm) 215.6   FR BU (MWd/kgU) 14.7 29.4 41 51.1 
ULW (kg/cm) 5.75        
Spacers 8        
Mixing grids 0        

ANT International, 2012 
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Table B-2b: KKGg FRs 2804 and 2701 with Zry-4 claddings with 1.5 and 1.2% Sn. 

Reactor data FR data Power history data 

Reactor KKGg Reactor KKGg      

FR 2701 with 1.2% Sn 
FRs per side 15 FA name 7-47 Cycle 1 2 3 4 
GTs per side 20 FR name 27-01 FR pos 4 4 4 1 
Active length (mm) 3400 Cladding Zry-4 C length (mm) 325 298 309 303 
Total FR length (mm) 3859 Lot 1.22%Sn Core/fuel power 1.019 1.019 1.019 1.019 
Lower plenum (mm) 257 No. of cycles 4 Tin (°C) 292.9 292.9 292.5 292 
FR-dia. (mm) 10.75 No. ax. pos. 38 Pressure (bar) 155 155 155 155 
GT-dia. (mm) 13.8   Cool. Flow (kg/FR-s) 0.405 0.405 0.405 0.405 
FR-pitch (mm) 14.3   Rel. flow rate 1 1 1 1 
FA-pitch (mm) 215.6   FR BU (MWd/kgU) 14.7 29.4 41 51.1 
ULW (kg/cm) 5.75        
Spacers 8        
Mixing grids 0        

ANT International, 2012 
 

Table B-3: North Anna FRs with Zry-4 claddings as reported by [Levy et al, 1995] 

Reactor data FR data Power history data 

Reactor North Anna Reactor North Anna      

FRs per FA side 17 FA name F35 Cycle 1 2 3 4 

GTs per FA side 25 FR name 1 FR-pos 4 4 4 4 

Active length (mm) 3657 Cladding Std. Zry-4 Cycle length (days) 372 370 418 516 

Total FR length (mm) 3863 Lot C Core/fuel-power ratio 1.019 1.019 1.019 1.019 

Lower plenum (mm) 0 FA-cycles 4 Tin (°C) 290.0 290.0 290.0 290.0 

FR-diameter (mm) 9.5 No. axial pos. 58 Pressure (bar) 155 155 155 155 

GT-diameter (mm) 12.24   Coolant flow (kg/FR) 0.338 0.338 0.338 0.338 

FR-pitch (mm) 12.6   Rel. flow rate 1 1 1 1 

FA-pitch (mm) 215.04   FR BU (MWd/kgU) 16.4 28.94 45.31 60.31 

ULW (g/cm) 4.49        

No. of spacers grids 8        

No. of mixing-grids 0        
ANT International, 2012 
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Table B-4: North Anna FRs with Zry-4 claddings as reported by [Comstock et al, 1996] and [Sabol et al, 1997]. 

Reactor data FR data Power history data 

Reactor North Anna Reactor North Anna     

FRs per FA side 17 FA name Test Cycle 1 2 3 

GTs per FA side 25 FR name 4 FR pos 4 4 4 

Active length (mm) 3657 Cladding Zry-4 Cycle length (days) 423 540 500 

Total FR length (mm) 3863 Lot nn Core/fuel-power ratio 1.019 1.019 1.019 

Lower plenum (mm) 0 No. of  cycles 4 Tin (°C) 289.4 291.7 291.7 

FR-diameter (mm) 9.5 No. axial pos. 29 Pressure (bar) 155 155 155 

GT-diameter (mm) 12.24   Coolant flow (kg/FR) 0.338 0.338 0.338 

FR-pitch (mm) 12.6   Rel. flow rate 1 1 1 

FA-pitch (mm) 215.04   FR BU (MWd/kgU) 21.2 45.8 52.5 

ULW (g/cm) 4.49       

No. of spacers-grids 8       

No. of mixing-grids 0       
ANT International, 2012 

 

Table B-5: VC Summer FRs with Zry-4 claddings as reported by [Comstock et al, 1996] and [Sabol et al, 1997]. 

Reactor data FR data Power history data 

Reactor VC-Summer Reactor VC-Summer      

FRs per FA side 17 FA name Test Cycle 1 2 3 4 

GTs per FA 25 FR name Test FR-pos 4 4 4 4 

Active length (mm) 3658 Cladding Zry-4 Cycle length (days) 450 504 500 500 

Total FR length (mm) 3852 Lot nn Core/fuel-power ratio 1.02 1.02 1.02 1.02 

Lower plenum (mm) 0 No. of cycles 3 Tin (°C) 291 291 291 291 

FR-diameter (mm) 9.14 No. axial  pos 29 Pressure (bar) 158 158 158 158 

GT-diameter (mm) 12.2   Coolant flow (kg/FR) 0.32 0.32 0.32 0.32 

FR-pitch (mm) 12.6   Rel. flow rate 1 1 1 1 

FA-pitch (mm) 215.04   FR BU (MWd/kgU) 24.1 42.2 56.1 59 

ULW (g/cm) 4.2        

No. of spacers-grids 8        

No. of mixing-grids 3        
ANT International, 2012 
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Appendix C - Axial power profile 

Table C-1: Axial power profile for Konvoi and Vorkonvoi PWRs (Generic-actL3900.exp). 

  Cycle1 Cycle 2 Cycle 3-n 

  Time-1 Time-2 Time-1 Time-2 Time-1 Time-2 

Rel. duration 0.333 0.666 0.333 0.666 0.333 0.666 

Pel. power 0.95 1.025 1.002 0.999 0.95 1.025 
1 63 0.3536 0.5412 0.3621 0.5549 0.411 0.6005 
2 188.7 0.6254 0.806 0.6586 0.853 0.7088 0.9012 
3 314.5 0.8267 0.973 0.8344 0.995 0.8516 1.0059 
4 440.3 0.9771 1.072 0.9549 1.0697 0.9503 1.0562 
5 566.1 1.0931 1.1313 1.0417 1.1089 1.0221 1.0831 
6 691.9 1.177 1.1708 1.1055 1.1356 1.0778 1.1026 
7 817.7 1.1937 1.1207 1.1181 1.0824 1.0935 1.0546 
8 943.5 1.2054 1.1619 1.1303 1.1256 1.1059 1.0966 
9 1069.4 1.2126 1.1186 1.1474 1.0885 1.1306 1.0671 
10 1195.2 1.2312 1.1225 1.1641 1.0911 1.1491 1.0739 
11 1321.0 1.0929 0.9748 1.0738 0.9758 1.0682 0.9669 
12 1446.8 1.2414 1.1217 1.1778 1.0915 1.1613 1.0712 
13 1572.6 1.2267 1.1003 1.1783 1.0789 1.1635 1.0603 
14 1698.4 1.255 1.1314 1.223 1.1092 1.2103 1.0892 
15 1824.2 1.1958 1.0752 1.1852 1.0708 1.1731 1.0528 
16 1950.0 1.2066 1.0818 1.1902 1.0736 1.1823 1.0602 
17 2075.8 1.2008 1.0808 1.1813 1.0712 1.1682 1.052 
18 2201.6 1.2162 1.0896 1.1961 1.0817 1.1868 1.0667 
19 2327.4 1.2018 1.0814 1.1825 1.0668 1.1687 1.0466 
20 2453.2 1.1334 1.021 1.1385 1.0238 1.1356 1.0184 
21 2579.0 1.1714 1.0681 1.1672 1.0599 1.1705 1.055 
22 2704.8 1.1527 1.0676 1.1585 1.0616 1.1591 1.0554 
23 2830.6 1.1317 1.0649 1.1478 1.0615 1.1443 1.0529 
24 2956.5 1.0619 1.018 1.0769 1.0095 1.079 1.0101 
25 3082.3 1.0717 1.0593 1.1044 1.0597 1.107 1.0601 
26 3208.1 1.027 1.0522 1.0754 1.061 1.0792 1.0648 
27 3333.9 0.9592 1.0283 1.0187 1.0423 1.0326 1.0587 
28 3459.7 0.8358 0.9454 0.9097 0.9714 0.9319 0.9985 
29 3585.5 0.7184 0.873 0.8047 0.9113 0.8355 0.9539 
30 3711.3 0.5488 0.7213 0.6326 0.769 0.6791 0.8286 
31 3837.1 0.3569 0.5478 0.4339 0.6097 0.5038 0.6952 

ANT International, 2012 
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Table C-2: Axial power profile for the PWR Gösgen (Generic-actL3658.exp) 

  Cycle1 Cycle 2 Cycle 3-n 

  Time-1 Time-2 Time-1 Time-2 Time-1 Time-2 

Rel. duration 0.333 0.666 0.333 0.666 0.333 0.666 

Pel. power 0.95 1.025 1.002 0.999 0.95 1.025 
1 59 0.3448 0.5324 0.3523 0.5448 0.4009 0.5901 
2 177 0.6061 0.7896 0.6414 0.8388 0.6949 0.8906 
3 295 0.7982 0.9515 0.8111 0.9779 0.8324 0.994 
4 413 0.9574 1.0658 0.9402 1.0672 0.9386 1.0556 
5 531 1.0525 1.1048 1.0113 1.0889 0.9962 1.0678 
6 649 1.1645 1.1719 1.0955 1.1383 1.0686 1.1053 
7 767 1.1955 1.1666 1.1212 1.13 1.0944 1.0986 
8 885 1.2042 1.144 1.1286 1.107 1.105 1.0793 
9 1003 1.1994 1.116 1.1279 1.0807 1.1063 1.0554 
10 1121 1.2203 1.1202 1.1546 1.0897 1.1386 1.0701 
11 1239 1.2344 1.122 1.1687 1.0912 1.1531 1.0726 
12 1357 1.1757 1.0539 1.1366 1.04 1.1252 1.025 
13 1475 1.2344 1.1133 1.1765 1.0865 1.1608 1.0671 
14 1593 1.2059 1.0842 1.1829 1.0724 1.1714 1.0549 
15 1711 1.1818 1.0604 1.1516 1.0477 1.1414 1.0326 
16 1829 1.1966 1.0757 1.1811 1.0665 1.1713 1.051 
17 1947 1.2041 1.0814 1.1863 1.0726 1.1761 1.0566 
18 2065 1.2032 1.0704 1.1754 1.0607 1.1654 1.0451 
19 2183 1.1654 1.0516 1.1598 1.0461 1.1535 1.0348 
20 2301 1.0876 1.0323 1.1016 1.0251 1.1014 1.0221 
21 2419 1.1544 1.0494 1.1549 1.0458 1.1555 1.0405 
22 2537 1.1592 1.0677 1.1615 1.061 1.163 1.0552 
23 2655 1.1413 1.0669 1.1534 1.0626 1.1514 1.0548 
24 2773 0.9349 1.0174 0.9969 1.0325 1.0148 1.0535 
25 2891 1.0735 1.0436 1.0968 1.0391 1.0995 1.0396 
26 3009 1.0554 1.0575 1.095 1.0617 1.0969 1.0622 
27 3127 1.0089 1.048 1.0617 1.0589 1.0679 1.0659 
28 3245 0.8022 0.9192 0.8802 0.9493 0.9032 0.9777 
29 3363 0.7034 0.8659 0.791 0.9056 0.8237 0.9515 
30 3481 0.5307 0.7038 0.6139 0.7524 0.662 0.8134 
31 3599 0.351 0.5425 0.4277 0.6049 0.4984 0.6912 

ANT International, 2012 
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