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Abstract
The consequences of hydrogen absorption in CANDU pressure tubes, Zr-2.5%Nb alloy lead to
complex phenomena. Therefore, the evaluation of the formation of hydride platelets requires an
adequate analysis. The samples, made from Zr-2.5%Nb alloy, were subjected to thermal
treatments for hydrogen absorption and hydride precipitation, observing the influence of
thermo-mechanical parameters on the reoriented hydrides morphology near the mechanical
stress concentrators, which develop at the tip of volumetric flaw. The finite element method
has been used to analyze the field of mechanical stresses and strains developed in the area of
blunt flaws. The parameters that determine the reorientation of the localized hydrides were
analyzed: the mechanical stress intensity factor K; , the mechanical stress concentration factor
K¢, the root radius of the flaw, and the flaw depth. To fully characterize the microstructural
morphology of the zirconium hydrides in the material, the "Hydride Continuity Coefficient

(HCC)" metric was developed.
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Introduction

For CANDU pressure tubes, Zr-2.5%Nb alloy, when the
limit at a certain given temperature, the Zr-2.5%Nb alloy
precipitates in the form of zirconium hydride (ZrH,),
which behaves brittle in the ductile matrix of the alloy. In
situations where no external mechanical stress is applied,
or at very low mechanical stress, ZrH, platelets precipitate
and align in the axial-transversal plane of the pressure tube.
These hydrides are referred to as "circumferential hydrides"
and their behaviour does not greatly affect the pressure
tube stress resistance under normal circumferential mechanical
stress in operation. If the mechanical stresses are high
enough, exceeding a certain threshold, then the zirconium
hydride platelets can reorient in the radial-axial plane,
perpendicular to the direction of mechanical stress
application. These hydrides are called "reoriented hydrides"
and their presence may involve failure mechanisms
because they produce a decrease in the ductility as well as
the fracture toughness of the pressure tube.

Experimental programs were thus started to determine the
conditions for DHC initiation from volumetric defects
with different tip depths and radii, hydrogen content,
thermal cycles and pressure tube material conditions in the
CANDU reactor [1-6]. Overall, there is insufficient data
on the fracture toughness models of the Zr-2.5%Nb material
to reproduce its dependence on hydrogen (H,) concentration
and hydride morphology, especially for high hydrogen
concentrations and hydride morphology specific to some
realized conditions of CANDU reactor operation.
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This fact requires an extensive research program to obtain
additional information and to understand the fracture
toughness of cold-worked, irradiated and non-irradiated
Zr-2.5%Nb material, as a function of H, concentration and
hydride morphology, to be representative of operating
conditions in the reactor.

This paper presents some experimental tests that followed
the phenomenon of the formation of hydride platelets in
the matrix of the Zr-2.5%Nb alloy, their reorientation at
the volumetric flaw tip placed on the dog-bone type
samples, which were subjected to a specific thermal
treatments for H, absorption and hydride precipitation. For
the analysis of the mechanical stresses developed at the
flaw tip in the dog-bone sample, the finite element method
was used to analyze the field of stresses and mechanical
deformations developed in the area of defects on pressure
tube specimens. The specimens were obtained from rings
cut in the circumferential direction of the CANDU pressure
tube, with different hydrogen concentrations, undergoing
initial heat treatment under constant load to achieve
hydride reorientation at the tip of the flaw.

In this work, the Hydride Continuity Coefficient (HCC)
metric was used, being the parameters that influence the
HCC values for complex flaws of the "Bearing Pad Fretting
Flaws" and "Debris Fretting Flaws" type. The results were
processed according to the methodology from the
Canadian Standard CAN-CSA N285.8. [7].
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Metallographic analysis and Scanning Electron Microscopy
(SEM) complete the characterization of Zr-2.5% Nb
specimens subjected to experimental tensile tests. HCC
metric characterization is completed regarding the phenomenon
of reorientation of the ZrH, located in Zr-2.5%Nb alloy.

Quantification of hydride morphology to analyze the
phenomenon of reorientation of localized hydrides

To analyze the reorientation phenomenon of the hydrides
located on Zr-2.5%Nb alloy samples, hydrided and
subjected to a thermal cycling treatment under constant
mechanical load, micrographs were made on the samples
in the radial cross-section. The hydrides are visualized as
small filaments (Fig. 1), having different orientations in
the radial-transversal plane.

Fig. 1. The orientation of the hydride plates in the
Zr-2.5%Nb alloy in the radial-transverse section [2]

The hydride plates "reoriented", following the heat
treatment, are those hydride plates whose direction of
orientation is located at an angle that varies from the
transverse direction 6 € (45°—90°), as defined in Fig. 1.

In the situation where a more precise quantification of the

reorientation effect of the hydrides in the Zr-2.5%Nb alloy

is desired, a dimensionless quantity is defined, called the

Hydride Continuity Coefficient (HCC), based on analysis

of the micrographs in which are highlighted hydride

plates. In short, the stages of determining HCC are:

- Choose an analysis surface in the shape of a rectangle,

with dimensions of approximately 0./ mm x 1.0 mm, its

orientation being in the radial direction;

- Inside this rectangle, the length of the hydride plates is

projected in the radial direction;

- Read the projected lengths L; of each projection in the

radial direction (i.e. the length of the rectangular area), as

well as the total length of the examined rectangle Li,;

- The HCC coefficient is calculated with the relation:
2L

k=1

HCC = (1)

total
It should be noted that there are some restrictions when
evaluating L, projections in the radial direction, namely:
a) very small segments (order of microns) are eliminated;
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b) segments overlapping in the examined area are considered
only once, by the common length of the projection in the
radial direction.

In the literature [8], several parameters have been defined
to measure/characterize the morphology of zirconium
hydrides in the material volume (also called metrics) to
describe its effect on the initiation and propagation of cracks.

Experimental Activity

The experimental tensile tests were performed on the
hydride specimens at different hydrogen concentrations to
evaluate the mechanical properties of the Zr-2.5% Nb
alloy. Several steps were followed to perform the tests.

Step 1.The specimens were prepared in a typical "dog-bone"
shape from the circumferential direction of the CANDU
pressure tube, Zr-2.5% Nb alloy (Fig. 2).

Fig. 2. The "Dog-bone specimen"

Step 2. The specimens were subjected to thermal treatment
of localized hydrides under constant mechanical stress in
the concentration range 40-80 ppm, corresponding to the
pressure tube conditions of operation in the reactor (Fig. 3).
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Fig. 3. Thermal scenario applied for hydride reorientation
on dog-bone samples

Step 3. After the stage of hydrogen content determination,
the experimental investigations are based on the tensile
tests. These are usually used to evaluate the mechanical
properties of the Zr-2.5% Nb alloy using the Walter+Bai
mechanical test facility (Fig. 4) at room temperature.
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Fig. 4. Walter+Bai installation (left); Detail of the sample mounted for testing (right)

After tensile testing, the specimens were examined by
SEM and optical microscopy to identify the fracture
characteristics in the localized hydride reorientation area.

Analysis of the state of mechanical stress-strain state in
the dog-bone sample by the finite element method

To determine the field of mechanical stresses developed at
the top of the flaws practised on the dog-bone sample, the
VisualFEA software (based on finite element method) was
used. To achieve above mentioned goal, the project sketch
of the sample in Fig. 1 was considered.

In the case of the thermal treatment applied to obtain the
phenomenon of reorientation of the hydrides located at the
tip of the complex defect practised on the surface of the
dog-bone sample, the applied load was constant. The
nominal mechanical stress generated in the sample by this
constant stress was o, = 62.5 MPa.

Figure 5 shows the principal stress field o;,, developed at
the top of the flaw with a depth of 0.5 mm and a radius of
p =0.05 mm (at the top), which determines the reorientation
of the hydrides at the top of the volumetric flaw.

The figure also shows a detail of the mechanical stress
field limited to the area adjacent/near the tip of the flaw
with a depth of 0.5 mm and the profile of the principal
stress ¢, dependence on the distance measured from the
tip of the flaw. It can be seen that stress values higher than
120 MPa are found in a 1.5 mm zone measured from the
top of the defect in the transverse direction of the sample,
the zone that will constitute the area where the hydrides
will reorient during the heat treatment. It should be noted
that in the specialized literature, the value of 120 MPa is
specified to achieve ZrH, reorientation in a Zr alloy.

Figure 6 shows the main stress field ¢;,, developed at the
top of the flaw with a depth of 0.7 mm, which determines
the reorientation of the hydrides located at the tip of the
volumetric flaw.

To study the influence of the ZrH, located at the tip of the
artificial flaws practised on the dog-bone samples, after
obtaining the reorientation effect, tensile tests according to
ASTM E3 [9] at room temperature, were also carried out.
After tensile testing, the samples were examined by SEM
and optical microscopy to identify the fracture characteristics
in the area of localized hydride reorientation.

Fig. 5. Detail of the principal stress field limited to area adjacent/near to the tip of the flaw (0.5 mm depth, p=0.05 mm)
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Fig. 6. Detail of the principal stress field limited to area adjacent/near to the tip of the flaw (0.7 mm depth, p=0.05 mm)

Results and discussion

To determine the intensity factor of the mechanical stress
Kj, in the dog-bone sample, a calculation relationship of
the influence function from the reference [7] was used. In
this case, the stylized sample sketch from reference [7],
shown in Fig. 7, will be considered.
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Fig. 7. Stylized sketch of the dog-bone sample for
determining the mechanical stress intensity factor K;

The calculation relation, in this case, for the mechanical
stress intensity factor, assimilating the volume defect as an
equivalent sharp defect is:

K, @
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with: P — applied traction force; B — sample width; W —
sample thickness; a — the depth of the defect.

For the two depths of the defect and at the applied constant
mechanical load, the following values are obtained:

-a=0.5mm

K, =3.20MPa-\m )
-a=0.7mm

K, =424MPa-m 5)

The HCC metric for the two defects was analyzed
according to the values obtained for the mechanical stress
intensity factor K; The fracture surface and crack
propagation measurements were performed by using the
metallographic examination (Fig. 8), along with the HCC
metric evaluation area.
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Fig. 8. Metallographic examination of the specimen surface after test:
(left) H, concentration 60 ppm, a=0.5 mm, p=0.05 mm; (right) H, concentration 67 ppm, a=0.7 mm, p=0.05 mm
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As a first observation, the size of the circular zone,
generated at the top of the flaw, where the reoriented
hydrides are concentrated, has a size several times larger
than that of the process zone.

In the paper, the parameters determining the reorientation
of localized hydrides (the mechanical stress intensity
factor K, the mechanical stress concentration factor K,
the tip radius, and the depth of the flaw) were analyzed to
fully characterize the HCC metric, which defines the
microstructural morphology of hydrides in the material.

This analysis resulted in the following:

- For the samples with complex defects, concentration of
40-60 ppm, a=0.5 mm, p=0.05 mm, at the parameters
KH=3.20MPa~\/m, Kc=17.5, we found HCC= 0.61;

- For the samples with complex defect, concentration of
39-67 ppm, a=0.7 mm, p=0.05 mm, at the parameters
K;;=4.24MPa-Vm, K,=8.9, we found HCC= 0.66.

It should be mentioned that the initiation of DHC-type
cracking occurs at the top of the process zone, and in a
subsequent step, the crack propagates through the process
zone and outside it. After carrying out the mechanical
tensile tests until the fracture of the dog-bone samples,
analyses of the fracture surfaces were carried out, to
visualize the character and morphology of the surface.

Fig. 9. SEM examination of the crackng

The "ductile-fragile mixture" behaviour is even more
evident in SEM analyses of the crack surface (Fig. 9). As a
first observation, the size of the circular zone, generated at
the top of the flaw, where the reoriented hydrides are
concentrated, is several times larger than that of the
process zone. It should be mentioned that the initiation of
DHC-type cracking occurs at the top of the process zone,
and in a subsequent step, the crack propagates through the
process zone and outside it.

The SEM examination direction is perpendicular to the
crack surface. One may see the voids, typical for the
ductile matrix fracture of the Zr alloy, which interferes
with the trans-granular fragile fracture characteristics. In
the case of 60 ppm H, concentration (Fig. 9 - left), the
trans-granular fracture planes can even be the planes of
some hydrides, which exhibit low cohesion in the case of
mechanical stress that develops tri-axially in the collapse
zone of the active area of the specimen.

From the SEM analysis of the fracture surfaces, it can be
noted that in the zone of reorientation of the hydrides
located at the top of the defects in the dog-bone samples,
there is a mixed, ductile-brittle character of the fracture
front. It is given by the brittle character of the hydride
platelets developed at the tip of the flaw and by the ductile
character of the Zr-2.5%Nb alloy matrix.

hydride suface:

(left) 60 ppm (x1000); (right) ) 67 ppm (x1000)

Conclusions

The main objective of the paper is focused on the
characterizing hydride reorientation phenomenon at the
blunt flaw in the Zr-2.5% Nb alloy in the hydrogen
concentration range of 40-80 ppm.

To analyze the mechanical stresses developed at the tip of
the defect in the dog-bone samples, the finite element
method was used with the help of the VisualFEA software.

The parameters determining the reorientation of localized
hydrides, namely the mechanical stress intensity factor K,
the mechanical stress concentration factor K¢, the tip
radius, and the depth of the flaw, were analyzed to fully
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characterize the Hydride Continuity Coefficient metric,
which defines the microstructural morphology of hydrides
in the material.

The metallographic and SEM analyses completed the
analysis of the reorientation phenomenon of the hydrides
located in Zr-2.5%Nb alloy.

The paper approach is foreseen to be implemented in the
Post-Irradiation Examination Laboratory on the irradiated
material cut from removed pressure tubes in Cernavoda
NPP. The experimental results will be also used to build-up
a database to perform the structural integrity assessment
activities based on the in-service inspection results.
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