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Abstract

Under a non-irradiation condition, oxidant, eg-, 02 and H202, in a crack tip is supplied from the bulk water. But
under irradiation conditions, even if the diffusion of radiolytic species is not sufficient, direct radiolysis in the
crack tip causes high concentrations of radiolytic species.

As a result of measurements and Monte Carlo calculation of gamma ray energy deposition, it has been
confirmed that the energy deposition rate in the gap water is larger than that in the bulk water. The energy
absorption rate increases as the gap width decreases and reaches 13 times that in the bulk water.

In order to evaluate crack propagation rate for irradiation assisted stress corrosion cracking (IASCC) of stainless
steel, a water radiolysis model in a crevice is proposed. A larger energy deposition rate in the crevice water
produces many more radiolytic species, which causes high oxidant concentrations in spite of enhanced
recombination of the species at the crevice inner surface. So, for IASCC evaluation, crevice water chemistry
plays an important role to determine the crack propagation rate under irradiation.

1. Introduction

Under non-irradiation condition, a drop of pH in the crack tip due to the difference in electrochemical corrosion
potential (ECP) in the crack tip and that at the structural surface causes an increasing crack propagation rate
(CPR)'). But, under irradiation condition, radiolytic species are generated in the crevice. Even if the diffusion of
radiolytic species is not sufficient, direct radiolysis in the crevice causes high concentrations of radiolytic species
and high ECP in the crack tip. As a result of experiments on back-scattered gamma rays and electrons, it is
confirmed that the energy deposition rate in the crevice water is larger than that in the bulk water�).

In the paper, the evaluation for the increase of energy absorption is reported, and a crevice radiolysis model to
evaluate crevice chemistry under gamma ray irradiation is proposed.

2. Irradiation assisted stress corrosion cracking

Under the irradiation condition, radiolytic species are directly produced in the crack tip, where the energy
absorption rate in the crevice water is much larger than that in the bulk water. The energy deposition rate of
gamma rays is determined by energy fluence and absorption coefficient of the material concerned, i.e., water.
The energy absorption coefficient of the bulk water is determined by that of water itself, while that in the crack tip
is enhanced by back-scattered radiation from the surrounding materials, steel3) . The back-scattered radiation
causes larger production rates of radiolytic species well as a larger energy deposition rate in the crevice than
those in the bulk water. In order to evaluate crack propagation rate under irradiation, crevice chemistry should
be analyzed by using a crevice radiolysis model, and the growth and mechanical rupture of the film at the
crevice inner surface should be evaluated (Figure 1).



\gamma rays

lASCC N[direct irradiation to structural materials]

QY: energy deposition rate
GY: generation rate of radiolytic species

6 Nbulk water crevice water crevice water chemistry
6 "Mylulk Qyrevice +
6 "(Sylulk f Gycrevice oxide film growth at inner surface

F1 �
radiolytic species interact 6 Oibdiolytic species interact film rupture

with outer surface O*ith crevice inner surface [newly developed
[usual radiolysis model] 6 Wewly proposed radiolysis model] crack propagation model]

Figure I Crevice water chemistry under irradiation
condition

3. Gamma Ray Energy Deposition in the Crevice Water

3.1 Energy Deposition Rate in the Crevice Water
In order to confirm increase for energy deposition rate of gamma rays in the crevice, a series of simple
experiments has been carried out'). In the bulk water, gamma ray energy is absorbed in the water by interaction
of gamma rays and orbital electrons. Gamma rays loose their energy to the electrons, which also release their
kinetic energy to the material. The contribution of electrons to the energy deposition rate is large enough to
enhance energy absorption on the water in an extremely small volume surrounded by a material with higher
density. But, the area affected by the scattered electrons is not so large that it is difficult to determine the
increased energy deposition rate of gamma rays in the crevice water by a dosimeter with finite volume.

3.2 Measurement of Energy Deposition Rate
In order to evaluate energy absorption in a narrow gap, the measurement was carried out using the simplified
experimental equipment. The experimental setup is shown in Figure 2 Four TBq of 60CO source was used for a
point gamma ray source. Very thin thermo luminescence dosimeters (TLDs) were used as dosimeter,. These
TI-Ds (diameter: 8mm, thickness: 0.06mm) can measure absorbed dose of gamma and beta rays at the same
time. Thin TILD foils are also shown in Figure 2 Distance from the gamma ray source to the experimental
equipment was 95cm. Irradiation time was 30 min.

Effects of electrons scattered from the 90 and 180 degrees direction on energy absorption were measured,
using the simple apparatus shown in Figure 3 As the standard material of the TLD holder for the measurement,
acrylic resin was selected, because its density is near that of water. Iron, aluminum, acrylic resin and air were
selected as the scattering materials. The measured scattering effects were expressed as a function of density.
Effective range of back scattering electrons was also measured by changing the thickness of an acrylic resin
plate inserted between the scattered materials and the detectors. Iron was selected as the scattered materials
for this measurement.
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3.3 Measured Results ......
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Figure4 Linear relationship between
the absorbed energy and density

3



3.4 Extrapolation of the Energy Deposition 1.8 1 1 1 1 1 1 1 1 1 -"77"-rT]
Rate in the Crevice Water from the EGS code calculation
Measured Rates
In order to evaluate energy absorption of water 1.6 ..... ..... N for 90 degrees scattering
in a very narrow gap, such as a crack tip, in o 'E * for 180 degrees scattering
which energy deposition could not be = m I

CL .... ..... ................. ................. ................................-
measured because of the detector size - �% 1.40 M
limitation, it was extrapolated from the U) L.

M - -

measured values by calculating with the M M
>' L. ....... .....

electron gamma shower)�EGS) code based on 0 S 1.2 ......
2a Monte Carlo method 1.331VIeV gamma

rays, the higher energy component of the two
M 6COgamma rays emitted fro was selected 1.0

as the incident radiation. Thickness of the
water region was selected as a parameter of
the calculation. The calculated results are 0.8
shown in Figure 5. The calculation results are 0 1 2 3 4 5
well agree with measured results. The energy gap width (mm)
absorption rate increases as the gap width Figure Extrapolation of
decreases and reaches 13 times that in the measured energy absorption
bulk water.

rates by Monte Carlo calculation

4. Radiolysis Model for Crevice Chemistry

4.1 Basic Equations
A general view of the crevice chemistry model is shown in Figure 6 The basic equation for the radiolysis model
for the crevice chemistry calculation is shown in Eq.(1 )5).

V, Y. Y� - Y, k,,a Ylat = 91V + 91V Y -
a2

+Y k,'vY.Y.-Y.k,,1J�-ywY,+D,

The fifth term of the right side expresses generation at the inner surface of the crevice, the sixth describes
disappearance at the inner surface and the seventh is disappearance by an interaction reaction with oxide film.
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Figure 6 Generic view of crevice chemistry
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Water in the crevice is almost completely isolated from the bulk water due to a very narrow channel connection,
through which radiolytic species diffuse slowly. The concentrations of radiolytic species in the bulk water are
calculated by the mass balance equation shown in Eq.(2) in an infinite volume and neglecting the fifth through
eighth terms of the right side in Eq.(1), while those in a crevice are calculated by Eq.(1) interacting with the
crevice surface.

g1YQ + gQ + 1- k YY� - Y, 1 kY,' ..... (2)

In order to express the interaction between the radiolytic species in the crevice water and those at the crevice
surface, the basic equations are modified to apply the mass balance equations between them, which are as
follows.

a YXat -. 5iy,* + ��Yw YV/S) ......... (3)

Deals ITa Y, +Sjy" (V/S)/ - �iy,- ......... (4)

ay, 'Y*
9iYQY+g1,Q,+j_k'j� . -YJk,)� -(5)

+ �iyw IVIS)+ D, a 2 Yla, 2

Y, �Ial 9YQ1 + gQ + I_ V wY,'Yw Yw k,, w Yv
I - (6)

+,5i Y,. (vls)l - �, �w - r, w Y,IT

Oxide layers at the crevice surface pick up oxidant in the crevice water through surface layers, which causes
growth of oxide layer. This growth of oxide layers, their mechanical rupture and their recovery at the crack tip
cause crack propagation.

4.2 Calculation Results

4.2.1 Bulk Water Chemistry
Dependence of hydrogen peroxide concentration
on dose rate is shown in Figure 7 which agrees I 0-5
with those shown previously.

............ .............. ............ A0
4.2.2 Crevice water chemistry -6 10-6 4P

soHydrogen peroxide concentrations in the crevice ............ ..............water, calculated by changing the parameter, co 10-7 ...... ............. . ............. . ............

deposition coefficient, F, are shown in Figure 8. apM 4
The reaction constants in the crevice surface layers .............. ...............:............. ............
for hydrogen peroxide are a hundred times larger 10-8 4P

than the values in the crevice water, while other
0rate constants are the sam e. W hen the deposition ............ i..............i............. ............. .............

-910coefficient, li, is small enough, the concentration is 6P
the same as that in the bulk water under irradiation

o r ........... ...................... .............. ... ......... ............with the same energy absorption rate. As Fi 10-1
increases, the concentration decreases to reach the
saturated value, which is about a tenth of that in the
bulk water under irradiation with the same energy 10-11 10-2 10-1 100 101 102 103 104
absorption rate.

dose(Gy/s)
Figure 7 Concentrations of radiollytic
species calculated in the bulk water
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5. Discussion

Under the gamma ray irradiation
condition, energy deposition rate in the 10-6

crevice water is higher than that in the Bulk, d: ls-1
bulk water. Even if recombination of ........................................ d: I Os-
the radiolytic species produced in the - - - - - - - d 12S-1
crevice is promoted at the crevice
surface, the concentration of radiolytic 10-7 -- - - - - - - - - - d 13S-1

species in the crevice water is as high o .............................................
as that in the bulk water, which causes d: 104S-1 , d 16S-1

a higher ECP in the crevice. So, for
lASCC evaluation, crevice water 0
chemistry plays an important role to 10-8
determine the crack propagation rate
under irradiation.

Limitation of ECP to evaluate the crack
propagation rate under irradiation 10-9

should be deduced. ECP in the 10-3 10-1 101 103 1 or,
crevice is difficult to measure. It time (s)
should be evaluated by analytical Figure Hydrogen peroxide concentration
crevice water chemistry. in the crevice water
Consideration of the calculated crevice
water chemistry shows crack
propagation rate might be evaluated
by a suitable index, perhaps a
modified ECP. 04

. ............................. H 2 ............ ........
The model can be applied to evaluate i 0 _6 . .......................... ....... ................................the crevice chemistry under HWC
(hydrogen water chemistry) by . ..... ................................ ................................
assuming prompt diffusion of the 0 8

hydrogen into the crack from the bulk E 1 0 . ....................................
water (Figure 9). The hydrogen . ............................. i.. H 0 .......

.2 2 2peroxide concentration is 0.3ppb M 1 0 10 . ..... %� .................... 1................................ ................................
under HWC condition when injected

C . .................. . ....... ................................hydrogen concentration is 50ppb. W 02 ...........

This value is low er then the target C 10-12 . ............................. .......................... ................................
0value to mitigate IASCC from the view 0 . ............................. ................ !!t.'; ........ ................................point of ECP.

1 0 -14 ............................. ................................ i... %� ..........................

In order to evaluate crack propagation ............................. ................................ ........................
rate under irradiation, in-pile
experiments are recommended. 10 6 1

110 -1 1 1 0 02

injected [H 21 (ppb)

Figure 9 Concentrations under HWC

6



6. Conclusions

Conclusions are summarized as follows.
1) A linear relationship between absorbed energy and density of scattering material was observed.
2) Energy deposition rate in the crevice water was larger than that in the bulk water. This was caused by high

back-scattered radiation fluence from the surrounding stainless steel. The simplified experiments and EGS
code calculation was carried out. As a result, the increase rate in energy absorption was 13 for a mm gap
distance.

3) A water radiolysis model to evaluate water chemistry in the crevice was proposed. It can be used to
determine concentrations of radiolytic species, corrosive environment in the crevice and crack propagation
rate under irradiation. First, the calculation is carried out about the bulk water. And, the calculation was
carried out about crevice water as the next calculation. The result that the hydrogen peroxide concentration
in the crevice water, which is one of most important species to evaluate corrosive environment for IASCC is
tenth of that in bulk water was obtained. And the concentration in the crevice water was 2ppb and this value
is high enough to affect IASCC from the view point of ECR
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Nomenclature

Yi concentration of radiolytic species i
[superscript *, those in the bulk water; w, those at the crevice surface]

t: time (s)
X: distance from the crack mouth (m)
giiigin: g-values for generating species i [superscript: F, r gamma rays; n, neutrons]
QL1, Qn: energy absorption rate [superscript: , gamma rays; n, neutrons]
Wm, kmnw: reaction constants of m and n species to generate species i

[superscript: w, reaction at crevice surface]
kis, kw: total reaction constants of i and s species i [superscript: w, reaction at crevice surface]
El W: reaction constants with surface for oxidation
Di: diffusion constant m 2/S)
V: volume of crevice water
S. inner surface area of crevice (M)

T thickness of inner surfac1e layers (m)
0: deposition coefficient1s
Fl: release coefficient (s-

Abbreviations
IASCC: irradiation assisted stress corrosion cracking
IGSCC: intergranular stress corrosion cracking
NWC: normal water chemistry
HWC: hydrogen water chemistry
ECP: electrochemical corrosion potential

CPR: crack propagation rate
TLD: thermo luminescence dosimeter
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