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ABSTRACT 

A nano -scale microstructural computer model for predicting ZrO2 structure and texture 
development during oxidation of Zr-Nb alloy has been proposed. The model assumes that the 
main driving force for texture formation in oxide and growth of the oxide grains is the 
compression stress parallel to the oxide surface. The orientation of substrate grains also plays an 
important role. The oxide texture, microstructure, grain boundary character distribution and the 
stress development can be simulated. The substrate texture, microstructure, phase composition 
are the major factors determining the oxide structure. This structure controls the oxygen and 
hydrogen transport through oxide layer; therefore the model that predicts the oxide structure 
allows the simulation of the corrosion behaviour and hydrogen ingress through the oxide. The 
proposed model has been used to predict the Zr oxidation kinetics in air for different textures of 
the substrate. The result of simulation agrees with character of changes observed in oxidation 
experiments. Eventually, this model will be able to simulate the hydrogen ingress process and to 
predict hydride formation and cracking of the pressure tube. The comparison between the 
simulation and experimental results will be presented. 

INTRODUCTION 

Zr-2.5% Nb alloy pressure tubes are used in the core of CANDU nuclear power reactors. During 
the operation of the reactor, oxidation takes place at both the interior and exterior surfaces of the 
pressure tube. The oxide film formed on the pressure tube surface serves as a protective barrier 
against hydrogen ingress. Therefore, ability to predict and control the oxide structure is 
important to ensure safe operation of the reactor. 

Our earlier research work2-14 has been focused on understanding the oxidation mechanism and 
oxide texture and microstructure development. Recently, efforts have been made to develop 
software that will eventually allow to predict the oxide structure development and to optimize the 
parameters that control the oxide structure. 

THEORETICAL BACKGROUND 

The Zr alloy oxidation process is controlled by inward diffusion of oxygen' 6, mainly along oxide 
grain boundaries. Thus, the oxide grain boundary density and grain boundary character 
distribution are considered important factors in controlling oxidation. The oxygen transport along 
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Fig. 1 The main user interface of the software 

the oxide grain boundaries depends on the oxide grain size and oxide grain boundary character 
distribution and is determined by oxide texture. In agreement with our research results and 
results obtained by other researchers2-14, 15, 17-25, we made the following assumptions: 
• Zr oxidation process can be divided into two stages: selective nucleation stage and selective 

grain growth stage. 
• In nucleation stage, the oxide nucleation takes place on substrate surface and in a-Zr grain 

boundaries and (3-Zr locations. The oxide orientation is determined by lattice matching when 
there is a a-Zr grain near the nucleation site. Oxide has random orientation when nucleation 
takes place in 13-Zr. Nucleation does not take place inside a-Zr grains. 

• In oxide grain growth stage, the grains with (10-4) crystallographic plane parallel to the 
sample surface grow fast, in order to reduce the elastic energy caused by the compression 
stress in the oxide film. 

HOW THE MODEL WORKS 

Figure 1 shows the main user interface of the software. The starting point of the simulation is to 
define the microstructure of the Zr substrate. The source of information on Zr substrate can be 
one of the followings experimental techniques: 
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1. OIM (Orientation Imaging Microscopy) measurement. OIM data is the best input to the 
software because it contains grain size, grain shape, grain orientation, grain boundary 
character, and phase composition of the substrate. The microstructure shown in Fig. 1 is an 
OIM image of pure Zr substrate. We choose pure Zr substrate for demonstration purpose 
because it has larger grain size compared with Zr-Nb and other Zr alloys. 

2. SEM measurement. SEM images can also be used as an input to the software. The grain 
orientation and phase composition can be obtained from diffraction measurements. 

3. Computer generated microstructure. In this microstructure the grain orientation and phase 
composition can be determined from diffraction experiments 

The oxidation process that is described by the transformation of the oxide texture, microstructure 
and grain boundary network is governed by the mechanism described in the previous section. As 
the oxide grows, the oxygen and hydrogen diffusion processes take place simultaneously. The 
diffusion processes are simulated based on Random-Walk theory; the simulation details and 
mathematical treatment can be found in reference [1, 2]. Basically, the jumping frequency of 
atom is determined by the local diffusivity. Atoms in the locations with high diffusivities jump 
fast and vice versa. 

Generally, bulk, twin boundaries, and low angle grain boundaries have less free volume than 
high angle grain boundaries; therefore, they usually have higher diffusion activation energies and 
represent slow diffusion path. For example, Fig. 2 shows the diffusion activation energies as a 
function of <100> tilt angle in cubic ZrO2 system calculated using molecular dynamic method4. 
One can see that low angle grain boundaries (tilt angle less than 20 or higher than 70) have 
higher diffusion activation energies, which indicate slower diffusion along these boundaries. 

The diffusion coefficients of different types of monoclinic ZrO2 grain boundaries are not 
reported in literature. In order to perform the simulation, we made the following assumptions. 
We roughly classify the oxide grain boundaries into three types: special grain boundaries (E3 and 
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Fig. 2 Calculated diffusion activation energies of <100> axes CSL grain 
boundaries in cubic ZrO2 system 
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71), low angle (< 15°) grain boundaries and high angle grain boundaries. /3 and 71 boundaries 
have almost zero free volume8. Therefore, when oxygen atoms pass through these grain 
boundaries, they must overcome the same energy barrier as when they pass through the bulk. As 
a result, the diffusivities along these grain boundaries are treated the same as that of bulk. In 
ZrO2 oxide, the oxygen diffusion along grain boundaries is believed to be predominant 16' 17' 28. 

The contribution of bulk diffusion to the oxidation process is insignificant and is neglected in the 
simulation. For low angle grain boundaries, the diffusion coefficient is roughly estimated as the 
half of that of high angle grain boundaries. In other words, the diffusion coefficients of three 
types of grain boundaries used in the simulation are 0, 0.5, and 1 respectively. 

Fig. 3 and 4 show two examples of the simulation. In figure 3, one can see the oxide nucleates in 
the region where the original a-Zr grain boundaries and 0-Zr regions are located. Due to frequent 
nucleation events, the oxide grains in these areas are small. The oxide grains grow continually if 
they are inside the a-Zr grains and thus are large. Figure 4 shows that significant amount of 
special grain boundaries (E3 and 71) can be formed due to the lattice matching. Along those 
special grain boundaries, the oxygen diffusion rate is lower than along random oxide grain 
boundaries. 
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Fig.3 Oxide grain size distribution in different substrate locations 

VERIFICATION OF THE MODEL 

In order to verify this model, we simulated the oxide texture formation on various Zr substrates. 
The understanding of oxide texture is the signature of the understanding of oxidation process, 
and accurate prediction of texture development may be considered as a proof of the correctness 
of the simulation. In monoclinic crystal system, there are total as many as 26011 orientations if 
the orientation space is defined within 5 degree angular interval. If the model can predict ZrO2
oxide orientation distribution, we believe somehow the model is correct. We have used this 
model to simulate the oxide texture development on Zr-2.5Nb specimens cut from fuel channel 
Zr-Nb tube along three different planes perpendicular to radial, transverse and longitudinal 
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Fig. 4 Oxide grain boundary character distribution 

directions, and also Zircalloy — 4 specimens. The results of simulation2-5' 13, 14 are in good 
agreement with experiments. For example, figure 5 shows the comparison of the inverse pole 
figures obtained from the simulation and experiment for Zr-2.5Nb (RD cuttings). Both inverse 
pole figures indicate that the [10-6] axes of oxide grains are parallel to the sample normal 
direction. In monoclinic system, [10-6] is the normal direction of (10-4) crystallographic plane. 

[1 0 0] 

[1 0 6] [0 1 0] 

Max.-17.2 

1.00 

4.20 

7.50 

10.70 

14.00 

[1 0 0] 

[1 0 6] [0 1 0] 

Max.=13.7 

1.00 

3.50 

6.10 

8.60 

11.20 

[-1 0 0] 
[-1 0 0] 

Fig. 5 Simulated (left) and experimental (right) oxide inverse pole figures of on Zr-2.5Nb 

APPLICATIONS 

Effects of Oxide Grain Boundaries Character Distribution on Oxidation Kinetics. In Zr-2.5Nb 
the oxidation kinetics is affected by many factors, such as, a character of the oxide grain 
boundaries, substrate grain size, substrate orientation and phase composition. To separate the 
effects of these factors is not easy. Especially, the changes of oxide texture and grain boundary 
character distribution are often linked and it is difficult to separate a role they play in affecting 
the oxidation kinetics. In order to overcome this difficulty, in simulation we have designed two 
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single crystal substrates with different orientations: (11-20)[1-100] and (13-46)[4-511]. The 
former is the Zr-2.5Nb tube radial direction ideal orientation on which the lattice matching of 
oxide nuclei and the substrate is likely to occur, and the later is an arbitrary orientation on which 
the lattice matching between the oxide nuclei and the substrate is more difficult to occur. These 
orientations represent two extreme cases; in the former case, one expects extremely high 
percentage of special grain boundaries (E3 and 71) and low angle grain boundaries, because the 
lattice matching is so strong that the oxide orientations are either similar or in some special 
relationships with each other. In the later case, one expects high amount of high angle grain 
boundaries because oxide orientations are more random. 

As one can see in Fig. 6, the total amount of E 3, 71, and low angle grain boundaries is about 
50% for (11-20)[1-100] single crystal substrate. On the other hand, the total amount of the same 
boundaries is less than 5% on (13-46)[4-511] substrate. We also found that the amount of 
special and low angle grain boundaries increases and the amount of high angle grain boundaries 
decreases as the oxidation continues in both cases. The oxidation time is represented by 
MCS(Monte Carlo Steps). In this case, because the substrates are single crystals, the nucleation 
of oxide takes place only on the substrate surface. When the oxide grains start to grow, they will 
grow continuously and re-nucleation of oxide will not be observed because of the absence of the 
nucleation sites, i.e. a-Zr grain boundaries and P-Zr. According to our original assumptions, 
during the growth stage, some orientations, namely (10-4), grow faster than others because the 
minimization of the elastic energy in the oxide film favours this orientation. Thus, the oxide 
texture becomes stronger and stronger as the oxidation continues. Stronger texture results in a 
high portion of special and low angle grain boundaries and low portion of high angle grain 
boundaries. 

Since the oxygen diffusivities along E 3, 71, and low angle grain boundaries are lower than that 
along higher angle grain boundaries, the increase in the amount of E 3, 71, and low angle grain 
boundaries will lead to the decrease of the oxidation rate. This is shown in Fig. 7. The difference 
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Fig. 6 Grain boundary character distributions of the oxide formed on (11-20)[1-100] (left) 
and (13-46)[4-511] (right) single crystal substrates. 
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boundaries will lead to the decrease of the oxidation rate. This is shown in Fig. 7. The difference 
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of the fitted parabolic rate constants in the two investigated cases is about two times. 

Effects of Zr Substrate Microstructure and 0-Phase Distribution on Oxidation Kinetics: Three 
samples (RD, TD and LD) were oxidized at 400°C in air for 
12 hours. The samples were cut from Zr-2.5Nb pressure tube 
with their normal directions parallel to the radial, transverse, 
and longitudinal directions of the tube respectively as shown 
in Fig. 8. The experimental and simulated kinetics of the 
three samples are given in Fig. 9. Both the experimental and 
simulation results show that the parabolic rate constants of LD 

TD 
the three samples are approximately in the ratio of 1 : 2 : 2.5. 

The above difference in oxidation kinetics maybe the 
consequence of the substrate microstructure changes due to Fig. 8 Sample cuttings 
the different sample cuttings. The a-Zr grain in the pressure 
tubes has anisotropic shape with an aspect ratio of about 
1:5:50 in the radial, transverse and longitudinal direction 
respectively. The grains are surrounded by a thin network of metastable 13-Zr phase27. Since the 
a-Zr grain is not equiaxial, theirs grain size and shape, will be different when observed in the 
samples cut at different directions with respect to the pressure tube axis. As a result the 
distribution of the a grain boundaries and p phase grains in the specimen is different for each 
sample. Since these structural elements are typical nucleation sites, small oxide nuclei are 
formed at these locations, as one can observe in Fig. 3. Thus, the microstructure generated by the 
three different cuttings significantly affects the oxide nucleation and microstructure and as well 
the transport of oxygen through the oxide. Therefore, the oxidation rate is different for RD, TD, 
and LD samples. 
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formed at these locations, as one can observe in Fig. 3. Thus, the microstructure generated by the 
three different cuttings significantly affects the oxide nucleation and microstructure and as well 
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HYDROGEN INGRESS 

This computer model has been developed to understand and predict hydrogen transport through 
oxide. The nature of hydrogen transportation is more complex and difficult to measure in 
experiments 29-31. Our preliminary results show that hydrogen pick-up and oxide film thickness 
changes strongly correlated to each other. The sample with thicker oxide film always has higher 
hydrogen pick-up, as show in Fig. 10. This suggested that hydrogen ingress is possibly 
controlled by a diffusion process similar to oxygen diffusion through oxide. We believe that the 
oxide grain size shown in Fig. 3 and grain boundary character distribution shown in Fig. 4 and 
Fig. 6 must play important role in controlling hydrogen diffusion and hydrogen trapping 
processes. 

CONCLUSIONS 

The proposed model of oxidation is incorporated in computer software.The software is a fully 
automated and mechanism of oxidation can be arbitrarily defined. The software is window based 
and simulation program has capacity to be modified and extend. It is designed to help research 
specialists to model Zr oxidation and hydrogen permeation processes and can help to understand 
and possibly predict hydrogen permeation through complex structure of oxides. It can be used to 
computer design the pressure tube structure with maximum resistance against hydrogen ingress. 
At current stage, we can use this software to perform the following tasks: 

t Simulate the effects of substrate texture on oxidation and hydrogen permeation 
t Simulate the effects of substrate grain size on oxidation and hydrogen permeation 
t Simulate the effects of substrate grain shape and grain boundary networks on oxidation 

and hydrogen permeation 
t Simulate the effects of p phase distribution on oxidation and hydrogen permeation 
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oxide grain size shown in Fig. 3 and grain boundary character distribution shown in Fig. 4 and 
Fig. 6 must play important role in controlling hydrogen diffusion and hydrogen trapping 
processes. 
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The proposed model of oxidation is incorporated in computer software.The software is a fully 
automated and mechanism of oxidation can be arbitrarily defined. The software is window based 
and simulation program has capacity to be modified and extend. It is designed to help research 
specialists to model Zr oxidation and hydrogen permeation processes and can help to understand 
and possibly predict hydrogen permeation through complex structure of oxides. It can be used to 
computer design the pressure tube structure with maximum resistance against hydrogen ingress. 
At current stage, we can use this software to perform the following tasks: 
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t Design substrate structure to optimize the resistance of Zr tube against hydrogen 
permeation 

t Simulate oxidation kinetics, hydrogen permeation 
t Simulate oxide texture, grain size distribution, grain boundary character distribution 
t Monitor oxidation and hydrogen permeation processes instantly and graphically 
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