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Abstract

It has been observed that rod elongation is driven by the hydrogen pickup but not by corrosion as such.
Based on this a non-destructive method to determine clad hydrogen concentration has been developed.
The method is based on the observation that there are three different mechanisms behind the rod growth;
the effect of neutron irradiation on the Zircaloy microstructure, the volume increase of the cladding as
an effect of hydride precipitation and axial pellet-cladding-mechanical-interaction (PCMI). The derived
correlation is based on the experience of older cladding materials, inspected at hot-cell laboratories, that
obtained high hydrogen levels (above 500 ppm) at lower burnup (assembly burnup below 50
MWd/kgU). Now this experience can be applied, by interpolation, on more modern cladding materials
with a burnup beyond 50 MWd/kgU by analysis of the rod growth database of the respective cladding
materials. Hence, the method enables an interpolation rather than an extrapolation of present day
hydrogen pickup database, which improves the reliability and accuracy. Further, one can get a good
estimate of the hydrogen pickup during an ongoing outage based on a non-destructive method. Finally,
rod growth measurements are normally performed for a large population of rods, hence giving a good
statistics compared to examination of a few rods at a hot cell.

1 INTRODUCTION

Several plants are at present aiming at significantly higher burnup than the present day end-of-
life burnup. The development of new cladding materials is one key issue in this strive since one
possible burnup limiting factor is the cladding hydrogen pickup. This means that fuel needs to
be examined, before reaching its projected end-of-life burnup, in order to verify its good
hydrogen pickup performance. Earlier, several modelling attempts have been made at
correlating the hydrogen pickup to the clad corrosion via the "hydrogen pickup fraction".
However, these attempts have not fully succeeded for BWR cladding materials and it is rather
costly to perform large series of cladding corrosion measurements. Further, the pickup fraction
(and its possible burnup dependence) still needs to be verified for each new cladding material
and coolant chemistry. Hence, a non-destructive method for determination of the clad hydrogen
content is desired.

2 BACKGROUND OBSERVATIONS

The Westinghouse Atom databases regarding cladding corrosion and fuel rod growth are very
similar, indicating that one of these two phenomena affects the other. This similarity is best
described by the data obtained from the reactor at which the largest fuel rod growth values have
been obtained. In Figure 1 all the cladding corrosion data, for the earlier LK2 cladding material,
from one Swedish BWR are depicted while the corresponding fuel rod growth data are depicted
in Figure 2.

When plotting the fuel rod growth as a function of the average oxide thickness for rods with
both properties measured, a clear correlation emerges, see Figure 3. Here only data obtained for
fuel operated for five cycles are included. The mechanism that emerges is that with corrosion
follows hydrogen pickup, which in turn gives a volume increase of the cladding tube. This
volume increase is easiest studied via an increased fuel rod growth. This can be seen in extreme
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FIG. 1. Cladding corrosion vs. assembly burnupfor LK2 in reactor A.
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FIG. 2. Fuel rod growth vs. assembly burnupfor LK2 in reactor A.
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for some failed fuel rods that have picked up hydrogen both from the inner as well as the outer
surface and hence have grown significantly more than neighbouring rods.

Here it should be noted that all data presented in the present work are obtained for cladding
materials no more used in reload quantities (unless stated as modern) by Westinghouse Atom.
Hence, the data do not represent typical present day rod performance. However, since these
older cladding materials had poorer resistance against corrosion, it had larger rod growth at
"intermediate" burnups (around 40 MWd/kgU) than more modern cladding materials have at
significantly higher burnups. This enables an interpolation of the hydrogen pickup experience at
the intermediate burnup on rod growth data obtained for significantly higher burnup.

3 ESTIMATED AVERAGE HYDROGEN CONCENTRATION

3.1 General

There are three main causes of the rod growth; the effect of neutron irradiation on the Zircaloy
microstructure, the volume increase of the cladding as an effect of hydride precipitation and
axial pellet-cladding-mechanical-interaction (PCMI):

<%= ^ + KHxCH+ SPCMI (1)

where

eg total rod growth, [%]
Si rod growth due to the effect of neutron irradiation on the Zircaloy microstructure,

constant
Cff Hydrogen content [ppm]
SPCMI

 r°d growth due to the effect of pellet-cladding-mechanical-interaction (PCMI), [%].

Since the clad hydrogen concentration is the parameter of interest, equation (1) is transformed
to yield:

CH = (Sg - £i - SPCMI)/ KH (2)

3.2 Rod growth due to the effect of neutron irradiation on Zircaloy microstructure

The precise growth mechanism due to the effect of neutron irradiation on Zircaloy
microstructure is not exactly known, but a clear correlation of growth to microstructure
evolution exists, e.g. see Ref. [1]. At a low fluence, less than 2 x 1025 n/m2, growth rate is high
but retard with increasing fluence and saturates at a constant growth rate. For fully
recrystallized material, the growth rate reaches a second transition where upon it increases and
becomes nearly linear with the fluence above about 6 x 1025 n/m2. A correlation for irradiation
induced rod growth is depicted as a function of assembly burnup in Figure 4 together with the
rod growth database obtained for LK2 in reactor A (maximum rod growth) and for the modern
LK3 cladding in reactor B, where LK3 has reached its highest burnup.

Notice that the effect of a possible second threshold in irradiation growth, resulting in an
increase in growth rate is not taken into account here. However, for the present study, the
second transition can be disregarded since it will result in a conservative approximation of the
clad hydrogen content.
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3.3 Pellet-cladding mechanical interaction (PCMI)

When the pellet-cladding gap closes and there is contact between the pellet and the cladding
further fuel pellet swelling may force the fuel rod to grow in the axial direction. The closure of
the pellet-cladding gap occurs late in life and the PCMI related growth should be small. If the
axial PCMI needs to be studied it can be calculated by any fuel rod behaviour code. Since the
present study includes an approximation of the rod growth at a higher burnup than what is yet
registered for this type of fuel it is possible that PCMI will influence the rod growth at the
considered burnup. However, due to the uncertainty of the influence of PCMI on rod growth
this influence is disregarded in the present analysis.

• LK2 in Reactor A

o LK3 in Reactor B

20 30 40

Bundle Burnup [MWd/kgU]

FIG. 4. Rod growth due to the effect of neutron irradiation on the Zircaloy microstructure compared
with measured rod growth data.

3.4 Rod growth due to hydriding - theoretical treatment

When performing cladding hydrogen concentration measurements at hot cell by SEM, one
translates the measured area fraction of the Zirconium-hydrides (ZrH) into a hydrogen
concentration by the formula

(3)

where

F
pZry

pZrH

clad hydrogen concentration
hydrogen concentration in the Zirconium-hydrides = 17570 ppm
area fraction of ZrH in a cross section of the studied clad specimen
density of Zircaloy = 6.54 g/cm
density of ZrH = 5.65 g/cm3
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Under the assumption that the volume increase is isotropic (which probably is not exactly true)
we have that the rod growth [%] due to the hydrogen uptake can be estimated as:

sH =F (4)

where 1 - rH represents the area fraction of the Zirconium-hydrides that are taken up by the
Pzry

hydrogen. By combining equations (3) and (4) we get that sH « 4.5xlO~4 xCH, i.e. the

constant KH in equation (1) equals 4.5x 10"5 (%/ppm H).

3.5 Rod growth due to hydriding - experimental results

Since the cladding is not isotropic, the above correlation of the hydrogen content and increased
rod growth can only be viewed as a rather rough estimate. Measurements of clad hydrogen
contents have been performed at the Paul Scherrer Institute (PSI) and in Studsvik. There are
slight differences between the measuring methods used at Studsvik and at PSI. At PSI the
position of the measurements are decided without earlier scanning of the hydrogen distribution
in the cladding, while at Studsvik the measurements are made at the axial location where the
maximum hydrogen contents are expected based upon neutron radiography examinations. The
PSI measurements will thus be used here since they are considered to be more representative
for the average hydrogen content values.

Clad hydrogen concentration data from PSI and Studsvik are depicted in figure 5 as a function
of the measured rod growth. The considered growth values include growth caused by
irradiation, possible axial PCMI and hydride precipitation. In figure 6 the irradiation-induced
growth (as given in Figure 4) is excluded and a correlation for the rod growth resulting from
hydride precipitation is given. Here it can be noted that the correlation achieved from the PSI
data is rather close (within 15%) of the theoretical formula derived above.
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FIG. 5. Total rod growth versus clad hydrogen concentration.
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FIG. 6. Rod growth due to the clad hydrogen uptake, the depicted rod growth is the total rod growth
minus the irradiation induced rod growth.
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FIG. 7. The HmaJHmerage quotient for LKI, LK2 and LK2-liner cladding at different average hydrogen

4 MAXIMUM VERSUS AVERAGE HYDROGEN CONCENTRATION

The above analysis of the PSI data gives a model for determining the rod average hydrogen
content. When verifying the mechanical integrity of fuel rods the maximum local hydrogen
concentration is of greater interest. A correlation between the maximum and average cladding
hydrogen concentration (/^ax/^rverage) is received by studying measurements of the cladding
hydrogen concentration. According to figure 7, that depicts the quotient Hmax/Haverage, the
maximum ratio is 2.5. Here all representative rods are included for which more than one
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hydrogen concentration measurement was performed. The average is here taken as the average
of all data bur the maximum value, i.e. if there was only two measurements from a rod the
quotient actually equals HmaxlHmiri. These large variations of the hydrogen concentration within
a rod are caused by

(i) there are axial variations in the oxide thickness due to axial variations in the rod power,
(ii) the hydrogen migrates in the cladding from hotter regions to colder, e.g. to pellet-pellet

interfaces.

The quotient Hmax/Haverage shows a tendency to decrease with increasing average hydrogen
concentration. However, additional measurements are needed to draw a definite conclusion
regarding the validity of this observation.

5 VERIFICATION OF MODEL ON MODERN CLADDING MATERIALS

When applying the above model on the rod growth database for the Westinghouse Atom
present-day standard cladding LK3, we obtain upper bound models regarding hydrogen uptake
in accordance with Figure 8. The models are here compared with all hydrogen uptake data yet
documented for LK3. Here only one measurement is performed per rod. As can be seen the
average model covers the data, indicating that it is still valid. This model will be further verified
as new hydrogen uptake measurements (in hot cell) will be performed. However, the rod
growth database (hundreds of data points) gives a firm prediction of the hydrogen content well
beyond (in terms of burnup) the database presented in Figure 8. The accuracy of the predictions
at extreme burnup will also be improved when further rod growth measurements are performed.
Thus, even though there are only three hydrogen uptake measurements for the LK3 cladding,
the predictions are still based on hundreds of measurements.
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FIG. 8. Calculated hydrogen concentration in LK3 type of cladding depicted along with measured
data these cladding types (only one measurement per rod).
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6 CONCLUSIONS

A model for non-destructive measurements of the clad hydrogen concentration has been
presented. It enables an interpolation of the hydrogen pickup experience at an intermediate
burnup (for older, less corrosion resistant materials) on rod growth data obtained for
significantly higher burnup (on modern materials). Hence, the methodology adds statistics to
the expensive and time consuming hot-cell examinations. Finally, it should be noticed that the
above method enables judgement regarding cladding corrosion and hydrogen uptake by visual
examination of the differential fuel rod growth within one assembly.
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