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Abstract. Radiation-induced swelling of claddings is one of the factors limiting service life of fast reactor fuel
assemblies. Hydrostatic weighing and transmission electron microscopy are conventional porosity investigation
methods.

Hydrostatic weighing is advantageous in terms of the determination radiation porosity integral characteristics,
specifically cladding dimensional change after operation in the reactor. However, at low swelling levels (tenths
of a percent) the method accuracy is comparable to the measurement error, and its application at the swelling
initial stage is ineffective.

Transmission electron microscopy is used to determine quantitative characteristics of radiation porosity, such as
size and concentration of radiation-induced voids. One of the main disadvantages of the method is its locality
and complexity of sample preparation. High resolution of transmission electron microscope allows observing
even small voids (~1 nm) in the foil up to 150 nm thick. Nevertheless, observation of voids exceeding the foil
thickness in diameter is complicated, and the reliability of quantitative assessment of large void concentration is
quite low.

The paper aims to apply scanning electron microscopy having both method advantages in the radiation porosity
investigation. Significant areas of the examined surface together with detection of voids from 10 nm give
statistically representative data. Therefore it is possible to obtain information on radiation porosity macroscopic
nonuniformity in structural elements subjected to the examination.

The paper presents methodological aspects of radiation porosity investigation with scanning electron
microscopy: different modes of sample surface preparation and identification of electron beam optimal
parameters. SEM and TEM quantitative results are compared, and radiation porosity nonuniformity in claddings
is demonstrated.
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1. Introduction

Most often neutron irradiation of metals induces radiation void formation, thereby causing
changes of metal volume, as well as different physical and mechanical properties [1-4].
Nowadays radiation-induced porosity investigation techniques may be divided into integrated
and local ones. Integrated techniques include hydrostatic weighing and measurement of
sample dimensions prior and after irradiation. Transmission electron microscopy (TEM) is the
most common local technique. Investigation by transmission electron microscopy detects
almost all the range of void sizes with possible quantitative analysis. However, this technique
involves some problems with sample preparation — difficulties in remote preparation of thin
foil from massive highly active billet. Moreover, small size of the investigated area and low
accuracy of its positioning through the billet thickness complicate obtaining statistically
representative results and evaluating their macroscopic uniformity.
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Conversely, state-of-the art scanning electron microscopes (SEM) may be used to take large
field images (e.g., up to hundreds of micrometers or more) with ultimate resolution on the
order of ~1 nm [5-9]. Sample preparation for SEM is also much easier than for TEM
examination.

2. Materials and procedures

The examination is performed on cladding specimens of fuel elements made of austenitic
steel (16Cr-19Ni-2Mo-2Mn-Si-Ti-Nb-V-B) [9-11] after irradiation in fast neutron reactor at
different temperatures to different damage doses. SEM examination [12] is carried out using
Tescan Mira3 scanning electron microscope with a Schottky Field Emission electron gun.
Transmission electron microscopy is performed with JEOL 2000EXII. The TEM sample is
prepared by grinding to thin foil, about 130 um thick, followed by twin-jet electropolishing
with 10% HCI and 90% CH3;COOH solutions at 10 °C. SEM examination is carried out on
thin foil after TEM and 3x3 mm cross-section segments of fuel cladding. Standard sample is
mechanically grinded with Struers TegraPol 15 facility sequentially reducing grain size. Final
polishing is made to remove residual surface damage by suspension of colloidal silica.

To investigate distribution of radiation-induced porosity through the cladding thickness a set
of 10x10 um images is taken with backscattered electrons, according to the scheme given in
Fig. 1. An indent of 10 um from the section internal surface is made. The distance between
imaged areas is about 10 um as well. As far as cladding thickness is 400 um, 20 images of
radiation-induced porosity are taken. Images are processed with specially developed software
SIAMS Photolab.

10 mkm

10 mkm

FIG. 1. Imaging scheme for radiation-induced voids through the cladding thickness. Indent from the
internal surface made for the first image and further distance between areas are both 10 um.

Average void diameter for each investigated area should be determined by the formula

N
D = &i=t D;
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N
where D; is the void diameter, N is the void number in the image.

Radiation-induced voids in the material volume are inhomogeneously distributed, that is
related with the structure. To reduce structural factor effect the area of investigated regions is
chosen so that its value is comparable with the grain section area. This image area provides
sufficient sample volume, close to sampled population of the investigated section.

Standard deviation, displayed in the graph as upper and lower error bars, is used to describe
deviation of obtained void diameter values from the average ones.
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3. Results

The paper [13] compares TEM and SEM investigation of radiation-induced porosity. TEM
and SEM examination of the same area show not identical, but similar results.

Fig. 2(a) shows a bright field TEM image of EK-164 cladding specimen that had experienced
a dose of 87 dpa at a calculated time-averaged temperature of 490 °C. The foil thickness in
this area is ~130 nm. In the sample volume voids from 5 to 85 nm are observed.

Fig. 2(b) gives images of the area obtained with scanning electron microscope using
backscattered electron detector. Fig. 2(c) shows negative SEM image to make it easier to
compare with TEM. Small voids (up to 10 nm) distinct in TEM images are almost undetected
by SEM. Along with void growth to 30 nm there are close tends in void distribution patterns
for TEM and SEM images (see Fig. 2(d)).
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FIG. 2. Comparison of (a) BF TEM and (b) BSE SEM micrographs of the identical field of view of an
electron-transparent region from an cladding specimen EK-164 irradiated to 87 dpa at a time-
averaged temperature of 490 °C. The micrograph in (c) is an inverted contrast image of the BSE SEM

image in (b). Measured void size distributions are shown in (d) for TEM (top) and BSE (bottom)
images. The foil thickness in the imaged area is ~130 nm.

Imaging conditions for thin foils ~130 nm thick and bulk samples differ significantly.
Experimentally determined in paper [13] optimal parameters for electron beam to investigate
radiation-induced porosity of fast reactor specimens with SEM differ from those theoretically
predicted in paper [14]. As a result, minimum size of voids detected in Fig. 3 is 10 nm.
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FIG. 3. BSE SEM image of EK-164 sample irradiated to 73 dpa at 475 °C, where the minimum clearly
observable void size is ~10 nm. The electron energy is 25 keV and the beam intensity is 13 (arbitrary
unit). The white feature in the middle of the micrograph is thought to be a (NbTi)C precipitate of ~100
nm size.

Despite the limit for detected void minimum size SEM is applicable to describe radiation-
induced porosity behaviour. Section examination given in paper [13] shows an area depleted
in voids up to 8 um wide at the cladding internal surface (see Fig. 4(a)).

In this regard, during examination of radiation-induced void distribution through the cladding
thickness a 10 um indent from the edge is added to the procedure to image the internal
cladding surface. There is an area depleted in voids ~8 um at the internal surface of the
specimen irradiated to damage dose of 91.1 dpa at a temperature of 481 °C (see Fig. 4(a)).
Visual comparison reveals differences in radiation-induced porosity for the regions at the
internal (coordinate 10 um, Fig. 4(b)) and external (coordinate 390 um, Fig. 4(c)) surface. At
the internal surface larger voids are registered, than those at the external surface, and there is
difference in their number per area unit as well.

Processed statistical results of distribution of radiation-induced porosity characteristics
through the cladding thickness are given in Fig. 5. Fig. 5a shows the results of average
diameter determination. Fig. 5b gives the results of void number determination from the
sample images. There are more than 6000 voids for 100 pm? at the internal surface, 10 pm
from the external one (see Fig. 4b). It can be seen from the graph that smooth reduction of the
average void size is registered from the internal surface to the external one. Thus at the
external surface (see Fig. 5¢) there are about 12000 voids for the investigated area. Along
with average size reduced void number per area unit tends to increase. Average size and void
number vary, perhaps, due to structural elements of austenitic steels. Average void diameter
variation from the internal surface to the external one is related with temperature gradient
through the cladding thickness.
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SEM HV: 30.0kV WD: 7.00 mm | MIRA3 TESCAN|
View field: 40.0 pm Det: BSE 10 uym
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FIG. 4. End section of the cladding irradiated to 91.1 dpa at a temperature of 481 °C at the internal
surface (a). An area with the examined radiation-induced porosity at coordinates of 10 um (b) and
390 um (c).

50 1
D,,. nm
4

-

4
w] ¢
35 {+§+f§§‘}+§

30 A1
25

Pt et

0 50 100 150 200 250 300 350 400
Coordinate, mkm

a



7 TAEA-CN245-264

160 -
N, mkm .

120 1 . . .
* . +

80 1 ¢ . « . v

+* . - *
40 A ¢ *
0 T L] L] T T T L] 1
0 50 100 150 200 250 300 350 400
Coordinate, mkm

b

FIG. 5. Diagram of average void size (a) and void number (b) variation through thickness of the
cladding irradiated to 9/.1 dpa at a temperature of 481 °C.

4. Conclusion

It has been demonstrated that back-scattered electrons can be used in a scanning electron
microscope to image a very wide field of view of metal specimens containing radiation-
induced cavities, especially those large enough to be considered to be voids. It has been
demonstrated that back-scattered electrons can be used in a scanning electron microscope to
image a very wide field of view of metal specimens containing radiation-induced cavities,
especially those large enough to be considered to be voids. There are some limitations on this
imaging technique involving the size of the smallest cavities and the depths over which they
can be reliably imaged.
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