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Abstract

Effectiveness of neutron imaging plate (NIP) method for hydrogen analysis is investigated by using standard samples
with known hydrogen concentrations. A relationship between hydrogen concentration in Zircaloy tubes and numerical
data in the NIP images was obtained by image analysis process. By using the relationship, local hydrogen concen-
trations in segregated tubes with heterogeneous hydrogen distribution were estimated in a small area; 0.1 x 0.1 mm?.
Contribution of an oxide film in the tubes to the images is also investigated by using oxidized samples with and without
hydrides. In the NIP images of the oxidized samples, oxide film was not recognized in the images of the sample. Results
of numerical analysis also show no effect of the oxide film. These results show that the effect of oxygen in the image can
be neglected when hydrogen analysis is performed on the Zircaloy tube with oxide film and hydrides by NIP method.

© 2003 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa; 29.30.Hs; 28.50.Dr

1. Introduction

It is well-known that the absorbed hydrogen into
Zircaloy tubes is generated with formation of oxide films
under a light water reactor environment. The reaction
formula is shown by

Zr+2H20 — ZI'OZ +4H (1)

Embrittlement of the cladding tubes caused by the
absorbed hydrogen is regarded as one of the important
issues from the safety viewpoint of the extended burn-up
fuels [1-3]. In the pellet—cladding mechanical interaction
induced with the reactivity induced accidents on high
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burn-up fuels, it is considered that highly concentrated
hydrogen accelerates failure of the Zircaloy tubes.
Knowledge of distribution of hydrogen concentration in
the irradiated cladding tube is hence significant to
evaluate its safety and reliability.

High temperature extraction method and metallo-
graphic observation of an acid-etched sample have been
representative hydrogen analyses in the post irradiation
examinations. High temperature extraction method has
good accuracy in measuring hydrogen concentration in
solid materials. However, the samples for the method
are melted during examination, becoming unusable for
further examinations and analyses. Although metallo-
graphic observation is effective to evaluate the hydrogen
distribution qualitatively, quantitative estimation of the
hydrogen concentration is limited. The quantitative re-
lationship between the etched area and hydrogen con-
centrations is actually unclear.
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Neutron radiography has been used as an effective
tool for viewing the hydrogen distribution in Zircaloy
tubes, because the scattering cross-section of hydrogen
for a thermal neutron is larger than that of Zr-matrix
atom [4-6]. Advanced neutron radiography techniques
including the neutron imaging plate (NIP) were devel-
oped in the last decade [7]. The high sensitivity and wide
dynamic range of NIP make it possible to shorten the
exposure time, to perform quantitative evaluation, and
to display images without complicated film development
processes.

In the previous work, the effectiveness of NIP and the
neutron computed tomography (NCT) methods for es-
timating hydrogen concentration and its distribution in
unirradiated Zircaloy cladding tubes with hydrides were
investigated [8]. The hydrides were segregated at cir-
cumference region in the tubes to imitate irradiated
cladding tubes in the pressurized water reactor (PWR).
The hydrided region was confirmed in the images of NIP
and NCT. A relationship between the average hydrogen
concentration over the samples and the numerical data
in the images was also found. However, the relationship
was not suitable to use for calibration of numerical data
in the image to the hydrogen concentration directly,
because hydrogen distribution in the samples was hence
inhomogeneous. The local hydrogen concentration in
the samples has not been known, yet.

Contribution of oxide films in Zircaloy tubes to the
images has not also been investigated, yet. Absorption of
hydrogen into the tube follows the formation of the oxide
film as shown by Eq. (1). Distinction between the regions
of the hydride and oxide film in the image is required to
estimate hydrogen concentrations by NIP images, be-
cause the oxide film is formed at the outer surface in the
irradiated tubes; i.e., at the outer vicinity of the hydrided
region. It is hence significant to know the contribution of
the oxide film to the images from the viewpoint of ap-
plication of NIP method to hydrogen analysis.

In this paper, the following investigated subjects are
described: (1) more suitable relationship between hy-
drogen concentration in Zircaloy tubes and numerical
data in the images using ‘standard samples’ with con-
trolled amount of hydrogen concentrations and (2) in-
fluence of the oxide film in the tubes on the NIP images
is also investigated by comparing the images of the
hydrided samples to those of the oxidized samples with
and without the hydrides. The contribution of the oxide

Table 1

film to the hydrogen analysis by NIP method is also
discussed.

2. Experimental
2.1. Examinations

Zircaloy-2 tubes with oxide film were used in the
examinations. The thickness and outer diameter of the
Zircaloy-2 tubes were 0.82 and 14.5 mm, respectively.
The chemical composition of the used samples satisfies
the ASTM Standard, B351-85 [9]. Oxide films with
controlled thicknesses of around 30 and 70 um, were
formed on the inner and outer surfaces under steam gas
flow at 973 and 1323 K, respectively. Samples 5 mm in
length were cut from those tubes. It is noted that the
Zircaloy-2 tube processed at 1323 K contained a-phase
region around 80 pm in width in the inner vicinity of the
oxide film. The a-phase contained much dissolute-oxy-
gen in the matrix. Highly concentrated oxygen is hence
in the circumference region of around 150 um in width
in the tube. Samples for the hydrogen analysis were cut
from near the location of those for NIP examinations in
the oxidized tubes. The hydrogen concentration was
measured by a high temperature extraction method,
summarized with sample-ID and the oxidation condi-
tions in Table 1. The sample processed at 973 K contains
much higher hydrogen concentration above 1000
wtppm, the other processed at 1323 K less than
20 wt ppm.

Hydrided Zircaloy-4 tubes with known hydrogen
concentrations were prepared by the Nuclear Develop-
ment Corporation. The hydriding was performed at
about 673 K under hydrogen gas flow. The hydrides
were uniformly distributed in the tubes. Samples 5 mm
in length called the ‘standard samples’ were cut from
those tubes. Hydrogen concentrations in the standard
samples were estimated using other samples which were
cut from near the location of the standard samples in the
hydrided tubes. The concentrations were measured by
high temperature extraction method, ranging from
around 100 wt ppm to around 2500 wt ppm. The sample-
IDs and representative hydrogen concentrations are
given in Table 2.

Detailed information about segregated tubes used in
the previous work is stated in Ref. [8]. The hydrided area

Oxidation conditions and representative hydrogen concentrations for oxidized tubes

Sample ID Type Oxidation Thickness of Thickness of Hydrogen concen-
temperature (K) oxide layer (um) o-phase layer (um) tration (wt ppm)
Z20H1 Zircaloy-2 973 30 - 1110

Z20H2

Zircaloy-2 1323 70

80 13
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Table 2
Sample ID and representative hydrogen concentrations for
standard samples

Sample ID Hydrogen (wt ppm)
ZUH-1 88
ZUH-2 501
ZUH-3 955
ZUH-4 1152
ZUH-5 2589
Table 3

Sample ID and representative hydrogen concentrations for
segregated tubes

Sample ID Hydrogen concentration
(wt ppm)

ZSH-1 453

ZSH-2 744

ZSH-3 2021

REF. 17

is limited to the outer region of the tube around 0.1 mm
in width. The IDs and hydrogen concentrations are
given in Table 3. Typical micrographs of cross-section of
the oxidized, standard, and segregated tubes are shown
in Fig. 1.

Neutron radiography was performed at 2nd Thermal
Neutron Radiography Facility (TNRF-2) in JRR-3.
TNRF-2 for non-radioactive samples has high perfor-
mance with providing a high flux neutron beam above
1 x 10% n/cm?/s and high collimator ratio of 153 [10].

For the imaging plate of NIP method; the BAS-ND-
2025 (made by Fuji Film) was used. The samples were
fixed with aluminum tape on the cassette installing a
piece of NIP. Fig. 2 shows the schematic drawing of
arrangement of the examination with 4 s of exposure
time. The size of the picture element (pixel) contributing
to spatial resolution in the image is around 0.1 x 0.1
mm?. A background image, which is an image without
samples, was also obtained to confirm incident beam
intensity on the samples.

2.2. Image analyses

The images were processed to evaluate hydrogen
concentration and distribution using the software ‘IP-lab
(made by Scanalytics. Inc.)” on a personal computer.
Image contrast is determined by the numerical data at
each pixel in the image. Image analysis was carried out
to investigate the relationship between hydrogen con-
centration in a sample and values of the photo stimu-
lated luminescence (PSL) in the image. PSL represents
the numerical data in a pixel and is proportional to
fluence of the neutron beam irradiating on NIP.

Oxidized twbe(Z20H2): -
Rty | ST © TR e
: Oxide film
$ B et A o phase
Hydrided
region

Fig. 1. Typical micrographs of the oxidized, standard, and
segregated tubes. All samples were etched by acid to show hy-
dride regions.

The flux of transmitted neutron beam is generally
expressed by the following:

I, = Iyexp(—2t), (2)

where /; = transmitted neutron flux [n/cm?/s], I, = ini-
tial neutron flux [n/cm?/s], £ = macroscopic cross-sec-
tion of target material [cm~'], and ¢ = transmitted width
[cm]. I and ] can be exchanged for PSL, and Eq. (2) can
be rewritten as

PSLimage

PSLinage is averaged by PSL on the pixels over the entire
image of the sample. PSLy, is obtained in the back-
ground image. It is noted that PSL;y,e and PSLy,q are
obtained in the same beam-irradiation area to remove
the influence of difference in beam intensity in the po-
sition. The macroscopic cross-section is expressed as
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Fig. 2. Schematic drawing of arrangement of NIP method.
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where a;, N;, and m are microscopic cross-section [cm?]
and number density [atoms/cm’] of the ith element in an
object, and the number of the elements contained, re-
spectively. When elements are added in the Zircaloy, Eq.
(3) becomes

PSLima S
Wbaj( = exp(—2zxyt) exp< - Z UiNit>
(i=1,2,3,....m), (5)

where Xz, is macroscopic cross-section of Zircaloy
[cm™']. Since X7y, 0;, and ¢ are constants in this work,
Eq. (5) shown a relationship between PSL and concen-
tration of added elements.

3. Results and discussion
3.1. Effects of oxide film

Fig. 3 shows the images of the Zircaloy-2 tubes
oxidized at 973 and 1323 K i.e., Z20H1 and Z20H,
respectively. The gray level of Z20H1 with much
hydrogen concentration is obviously different from that
of the reference sample. The gray level of image of
Z20H2 is similar to that of the reference tube. The oxide
films at the inner and outer sides are not confirmed in
either of the images. Z20H2 with low hydrogen con-
centration contains the oxide film around 70 pm in
thickness and phase around 80 um in thickness, how-
ever, the contribution of oxygen to the image contrast is
not recognized. It is hence considered that the difference
in the gray level between the reference and Z20H1 is
caused by the hydrides.

Fig. 4 shows profiles of PSLiya/PSLpack 0n a line in
the images of REF., Z20HI1, and Z20H2 in Fig. 3.
There is no appreciable difference between the PSLiyge/
PSL,. curves of REF. and Z20OH2. It is noted that the
hydrogen concentrations in both REF. and Z20OH2 are
almost equivalent, below 20 wt ppm. On the other hand,
the PSLimage/PSLack 0of Z20H1 with much hydrogen is
low in comparison with that of the others.

In these results, it is clarified that the contribution of
the oxide film to the images is small. It appears that the
contribution of oxygen to gray level in the image can be
neglected when hydrogen concentration in irradiated
tubes with both hydride and oxide film is estimated by
NIP methods. This is a significant result in that the
process for hydrogen analysis is simplified.

3.2. Relationship between PSL and hydrogen concentra-
tion

Macroscopic cross-section of zirconium atom, length
of the tested tube, and microscopic cross-section of a

REF. Z20H1(30 pm, 1110 wt.ppm)

Z20H2( 70 pm, 13 wt.ppm)

Fig. 3. NIP images of the reference and oxidized Zircaloy-2 tubes. Sample ID, oxide film thickness, and hydrogen concentration are
attached in the each image. Because aluminum (Al) tapes contain paste with highly rich hydrogen, gray level in the regions is getting

black in comparison with other region.
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Fig. 4. Profile of PSLinage/PSLyack in a line in the samples of
REF., Z20HI1, and Z20OH2.

hydrogen atom for thermal neutron are around 0.28
cm~!, 5 mm, and around 20.8 barn, respectively [11].
The number density can be transferred to a mass den-
sity. The number density and mass density are given in
Egs. (6) and (7), respectively.

Ny = M X = My x A
N g gy P AN
Wy - A
~ % (Wye > Wy) [atoms/cm’] (6)
Wa 6 . M 6
Ch=—x 10~ —x 10
T W+ Wy W
(Wze > W) [wtppml], (7)

where Ny = number density of hydrogen in zirconium
[atoms/cm?®], Cy = mass density of hydrogen in zirco-
nium [wt ppm], Wy = weight of hydrogen in zirconium
[gl, Wz = weight of zirconium [g], p, = theoretical
density of zirconium = (6.52 [g/cm’]), My = mass
number of hydrogen = (1.0 [g/mol]), and Ay = Avoga-
dro number = (6.02 x 10 [mol™']). Egs. (6) and (7)
hence introduce Eq. (8) as follows:

Ny =393 x 10" x Cy  [atoms/cm?]. (8)

Eq. (8) changes Eq. (2) as

I
I_S = exp(—Zz:yt) exp(—ouNyt)
o

= 0.869 exp(—4.08 x 107°Cy). 9)

Taylor expansion about point Cyy = 0 is performed in
the right terms of Eq. (9) in the following:

0.869 exp(—4.08 x 1075 x Cy)
=0.869(1 — (4.08 x 107°Cy)
+ (4.08 x 107°Cy)* ... (—1)"(4.08 x 107°Cy)")
(n=0,1,2,...,m). (10)

Due to (4.08 x 107°Cx) < 1 in Cy < 3000 wt ppm in
the present condition, first approximation can be per-
formed on Eq. (10). Hence, Eq. (10) becomes

IS - PSLimage - -5
A 0.869 — 3.55 x 10~°Cy. (11)

3.3. Image analysis for estimation of hydrogen concen-
tration

Fig. 5 shows the images of the standard samples. The
degree of gray level in the images is obviously enhanced
with increasing the amount of hydrogen concentration.
There is almost no gradation of gray level in the images.
It is assumed that the absorbed hydrogen is uniformly
distributed over the samples. These results show that
those are suitable as standard samples.

Fig. 6 shows the relationship between the PSLinge/
PSLy.« and hydrogen concentrations in the oxidized
and hydrided tubes, and a curve of Eq. (11) is also
shown in this figure. Four repetitive tests were per-
formed to investigate the reproducibility. Plotted dots of
the standard samples in each test show a linear rela-
tionship between the PSLinae/PSLpak and hydrogen
concentrations. The plotted dots of PSLinage/PSLuyck in
each test also show reasonable agreement with the linear
curve of Eq. (11). However, there is a small shift among
the plotted dots of Tests 1-4. The shift of plotted curves
indicates that results of NIP method are not compatible
among the tests, and unknown samples should be ex-
amined with standard samples when NIP method is used
for hydrogen analysis. The plotted dot of oxidized
sample almost falls on plotted curves of the standard
samples. It appears that hydrogen concentration is a
governing factor to determine PSLiy,ee/PSLpack value.

Fig. 7 shows the images and distribution of local
hydrogen concentration in the segregated tubes. The
images were obtained with standard samples in test 2.
An empirical formula is obtained by the plotted data of
the standard samples of test 2 in Fig. 6 as:

PSLimagc

—0.877 —443x 10°° 12
B = 0877 443 x 107y, (12)

where Cy = hydrogen concentration [wt ppm]. Eq. (12)
shows the relationship between the hydrogen concen-
tration and PSLiyage/PSLyack. The concentrations in local
areas are introduced by substituting PSLiyaee/PSLuack at
pixels in the image in Eq. (12). Fig. 8 shows the rela-
tionship between average hydrogen concentration over
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REF.(17 wt. ppm)

ZUH-1 { 88 wt. ppm )

ZUH-2 ( 501 wt. ppm )

ZUH-3(955 wt. ppm)

ZUH-4(1152 wt. ppm)

ZUH-5(2589 wt. ppm)

Fig. 5. NIP images of the standard tubes with the reference tube.
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Fig. 6. Relationship between PSLiyuee/PSLyack and hydrogen
concentration on the standard and oxidized tubes. In addition,
a curve of theoretical formula (Eq. (11)) is shown.

the sample and local hydrogen concentration in hyd-
rided region [12]. Average hydrogen concentration of
ZSH1 and ZSH?2 are 453 and 744 wt ppm, respectively.

The local concentration at the hydrided region in ZSH1
and ZSH2 reasonably corresponds to that of the litera-
ture data. The hydrogen concentration of the hydrided
region in ZSH3 is 2021 wt ppm and cannot be estimated
by the literature data because of being too large in value.

In the case of high temperature extraction method,
the hydrogen concentration in only one sample is mea-
sured in a single examination. On the other hand, NIP
method can measure hydrogen concentrations in several
samples in one examination. The examination is simple
and non-destructive. The distribution of hydrogen con-
centrations over the cross-section of the samples can be
obtained, although being integrated along the neutron
beam direction. In addition, standard samples with
known hydrogen concentrations are required to deter-
mine the hydrogen concentration of unknown samples.
Information about correct hydrogen concentrations in
the standard samples is hence required. Moreover, the
accuracy of hydrogen analysis by NIP method is not
adequate. The range of numerical data in the image
reader used in this work is from 0 to 1023 i.e., 10 bits.
Difference in the averaged numerical data between the
images of REF with 17 wt ppm H and ZUH-5 with 2589
wtppm H is only 16. It is noted that the amount of
concentration of absorbed hydrogen into a Zircaloy
tube in PWR is at maximum 500 wtppm around
50 GWd/t in the extended burn-up [13]. Probably, the
accuracy of NIP method is not enough yet, in estimating
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Fig. 7. NIP images and maps of local hydrogen distribution in segregated tubes are shown. The map (A), (B), and (C) correspond to
images of ZSH1, ZSH2, and ZSH3. It is noted that color scales in each map are different.
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Fig. 8. Relationship between the average hydrogen concentra-
tion in the hydrided region and entire sample in the segregated
samples [12].

the hydrogen concentration in the practical samples. In
addition, since NIP has sensitivity to gamma rays, it is
necessary to take into account the effect of gamma rays
emitted from activated samples on NIP images. An
image reader and NIP itself with good performance is
hence required to achieve more accurate evaluation of
the hydrogen concentration in irradiated cladding tubes
by NIP method.

4. Summary

A linear relationship between hydrogen concen-
tration and PSLiynee/PSLpac in standard samples is
obtained. The plotted curves of hydrogen concentra-
tion — PSLimage/PSLyack are in reasonable agreement with

a theoretical formula. Distribution of the local hydrogen
concentration in segregated tubes is obtained by using
the standard samples. The size of the localized area is
small, 0.1 x 0.1 mm?® equivalent to a picture element in
NIP image. It is clarified that there is no contribution of
oxide film in the tubes to NIP image contrast. This result
is significant in that the influence of the oxide film can be
ignored in hydrogen analysis by NIP method.
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