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Abstract. Safe containment of radionuclides from spent nuclear fuel in geological
disposal for hundred thousands of years, which may cover the period of glaciation,
requires analysis of material behaviour of fuel containers under ice-age loads. The
primary approach to prevent container failure is to determine critical defects and the
elimination of such manufacturing defects identified by means of non-destructive
examination. The results of the immersion ultrasonic techniques over a range of
frequencies from 1 to 5 MHz, which was used to identify microstructure defects in a
section of a real container made of ductile cast iron within the Swedish KBS 3, are
reviewed. The ability of the method to detect slag inclusions and cracks is examined
and the limitations of the technique in the case the large components with complex
geometry are discussed.

1. Introduction
Soaring demand for energy, rapid increase of oil price and the effects of global
warming have lead to recent renewal of interest to nuclear energy [1]. Cost, safety and
unwarranted proliferation risks of enriched fuel are among the main challenges. Another
key aspect is long-term, cost-effective and safe nuclear waste disposal [1]. Multi-barrier
geological repositories of such waste are widely seen as one of the most realistic
approaches for the time span of more than 100 000 years [2-3]. The main task of each
concept suggested for geological disposal is the containment and retardation of
radionuclides. The factors to be considered vary from material properties of the containers,
their design, assessment and functioning of the engineered and natural barrier systems up to
possible climate changes over extremely long time periods.
Despite long-term research only USA, Sweden and Finland are close to applying for
license for repositories for geological disposal of high-level waste and spent fuel. The
Scandinavian concept for deep geological disposal of spent nuclear fuel, known as KBS-3,
is based on multi-barrier system consisting of a canister in bentonite clay layer at a depth of
500 – 700 m in saturated crystalline rock [3-4]. The canister itself consists of several
barriers – outer copper shielding for corrosion resistance, ductile cast iron (DCI) insert
providing mechanical strength and steel tubes in the insert channels, which confine spent
fuel assemblies (Fig. 1). The diameter of the canister is about 1 m, its length is almost 5 m
and its total weight is up to 27 tons [3]. The hydrostatic design pressure on the canister in
the repository is 44 MPa [5-6]. This pressure was obtained from the hydrostatic pressure of
the ground water, swelling of the surrounding bentonite and pressure resulting from up to 3
km ice-sheet formed during future glaciations [3]. The integrity of the canisters under such
pressure requires that defects, inherently present in the cast inserts, are smaller than critical
defects. A three-year program was performed by Svensk Kärnbränslehantering AB (SKB),
other Scandinavian partners and JRC to determine failure probabilities for manufactured
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KBS-3 canisters and the associated acceptance criteria for defects and material data [4-5].
The study includes investigation of suitability of several non-destructive techniques for the
detection of technological and microstructure defects in the canisters to guarantee that the
acceptance criteria are fulfilled. Non-destructive studies at SKB were focused on the copper
shielding whereas JRC investigated cast iron inserts. The techniques used included various
ultrasonic and radiography methods, which seem to be suitable for industrial inspection of
large quantities of nuclear waste canisters.

DCI insert

Copper over-pack

Fig. 1. Full size model of the KBS -3 canister for geological disposal of the spent nuclear fuel.

Both, ultrasonic and radiography methods have some advantages and limitations
with regard to the defects to be detected. Preliminary microstructure and tensile test studies
revealed that DCI inserts contain variety of technological defects [5-9]. They include
casting defects like blownholes and pinholes, slag inclusions and their agglomerates, but
also oxide filled cracks, variations in graphite nodularity, areas with clustered graphite
and/or with depleted graphite, etc. [6-9]. The results of defect detection in the inserts and
suitability in the case of film and digital radiography were reported earlier [9-11]. The
conclusion was that digital radiography exhibits sufficient resolution to detect defects
which are much smaller than the maximum acceptable size. On the other hand, the time
necessary for full insert inspection are prohibitively long (in the case of film radiography)
or at the upper limit (for digital radiography) acceptable for industrial use [9-11].
Obviously, faster non-destructive techniques are necessary. Therefore, the aim of the
current work is to investigate the potential of ultrasonic techniques for the detection of
technological and other operational defects in ductile cast iron inserts, and to assess
suitability of this technique in the development of acceptance criteria for DCI inserts in
spent nuclear fuel canisters.
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2. Experimental Procedure
2.1 Material Characterization and Sample Selection
The material used in the study was obtained from one insert referred to as I26,
which had been cast by top pouring technique. The material of the insert was ductile cast
iron grade EN-GJS-400-15U (European standard EN 1563) [12]. The insert was cut into a
number of full cross sections with the lengths varying from 50 mm to 700 mm. Two of
these cross sections with the lengths of 50 mm and 200 mm were sectioned radially into
smaller pieces, which were used as samples for the study of the as-produced material. They
included 50 mm thick slice from the massive part of the insert, which were similar to the
piece shown in Fig. 2. The part corresponding to the area 1 was divided into 10 mm thick
plates. Their surfaces were ground parallel. They were used for preliminary measurements
of ultrasonic velocities via contact pulse echo technique and for the calculation of some
ultrasonic parameters. The densities of these pieces were in the range from 7060 kg/m3 to
7069 kg/m3 [9].
Another 700 mm long cross section of I26 insert was used for a canister mock-up
pressure test. It was placed in the copper over-pack and welded exactly the same way as in
the real canister. The only differences compared to the canister were in the reduced length
and in the absence of spent fuel in the channels. The mock-up was subjected to the
hydrostatic compressive stress up to 130 MPa for 120 s in a cold isostatic press (model
ASEA Quintus) at Schunk Kohlenstofftechnik in Heuchelheim, Germany [6,13]. Then, the
insert was extracted from the copper over-pack and cut into four cross sections. The outer
walls of these cross sections were subjected to radiographic examinations [10-11. The wall
with the largest cracks was determined and cut out (50 mm thickness) for further ultrasonic
and other destructive studies (Fig. 2). The ultrasonic investigations were performed in the
areas 1 and 2 in axial and radial directions. Area 3 with the crack was cut out and examined
also in tangential direction.
area 2

area 1

tangential

axial
radial

DCI insert
area 3

Steel tube

Fig. 2. The segment cut from the deformed canister mock-up with the thickness of 50 mm with the
areas used for ultrasonic study. Area 3 with radial cracks (arrow) was subsequently cut out for the
examination in tangential direction. Axial direction corresponds to the axis z, radial to x and tangential to y
axis.
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2.2 Ultrasonic Methods
Contact pulse-echo technique was used for the preliminary investigation of material
homogeneity and determination of the optimum testing conditions. They were performed
on 10 mm thick slices with ground surfaces based on manual time-of-flight measurements
using the pulse-echo technique [11-12]. Piezoelectric, longitudinal and transverse waves
transducers with the diameter of 12.7 mm operating at 1.0 MHz, 2.25 MHz and 5 MHz
driven by shock excitation using a pulser/receiver (Model 5052 PR, Panametrics, USA),
were used. Silicone oil and a multipurpose, water-soluble, high-viscosity liquid were used
as the couplants between the specimens and the corresponding transducer delay rod. Based
on the measured ultrasonic velocities and density, ρ, basic elastic properties and acoustic
impedance were calculated according to the well known relationships [14].
Automated straight-beam immersion pulse-echo technique [15] with flat and
focused transducers of longitudinal and shear waves was performed in the areas indicated
in Fig. 2. The measurements were done mostly in axial direction because of parallel front
and back-walls. Frequency dependence was studied using flat and focused (focusing
distances were 50.8 mm (2 inch) and 76.2 mm (3 inch), respectively) transducers at 1.0
MHz, 2.25 MHz and 5 MHz with the above mentioned pulser/receiver. The scanning steps
were 1 mm (repeatability of 1 μm) in x and y directions and controlled by a 2-axial
positioning stage. Each axis of the stage covered a distance up to 200 mm. The A-scans
generated at each measurement point were averaged 100 times and digitised by a digital
oscilloscope (model Tektronix TDS 542 A). The results were represented as C-scan plots.
The distributions of possible defects at different depths from the surface were obtained by
the adjustment of the gate position.
Similar technique with two transducers 104 mm apart and beam in the studied cast
iron oriented under the angle of 45o, was also used to determine possible advantage of such
configuration.

3. Results and Discussion
The limitations of the immersion technique for the examination of DCI were
considered based on the values of several basic parameters, which were calculated from the
measured ultrasonic velocities. The average of around 100 measurements of velocities of
the longitudinal and shear waves was vl = 5634,7 ± 8.8 m/s and vt = 3093.4 ± 38.2 m/s,
respectively. The corresponding Poisson’s ratio was ν = 0,284 ± 0,006, Young's modulus
was E = 170,8 ± 3,4 GPa, shear modulus G = 65,7 ± 1,6 GPa, and bulk modulus K = 135,9
± 1.5 GPa. [x]. Acoustic impedance for the longitudinal waves in DCI, Zl, is 3.98 x 106
g.cm-2s-1, which is close to the upper limit for typical cast iron materials [15]. Because of
sufficiently high difference with the acoustic impedance of water (0.146 x 106 g.cm-2s-1)
and air (0.00004 x 106 g.cm-2s-1), the reflections will be close to ideal in both media. The
reflection coefficient in water, R, is 0.863 which means that more than 86 % will be
reflected and less than 14 % of the energy of incident beam will be transmitted into water.
Scattering is another important parameter affecting the output of the ultrasonic method and
strongly depends on the ratio of the size of scatterers in the material (grains, nodules, etc.)
and ultrasonic wavelength, λ. If the grain size, D, is less than 0.01 times the λ, the
scattering is negligible, but for D/λ > 0.1, scattering prevents valid measurement. The
wavelengths of the longitudinal waves at the corresponding frequencies are λlong1MHz = 5.63
mm and λlong5MHz = 1.13 mm. The D/ λ ratios for the longitudinal waves in DCI with the
ferrite matrix grains of ~70 μm and carbon nodules of 20 μm, are in the range from 0.012
(1 MHz) to 0.062 (5 MHz) and 0.003 - 0.018, respectively. In the case of shear waves,
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λtrans1MHz = 3.09 mm and λtrans5MHz = 0.62 mm, D/λ range is 0.016 - 0.081 for ferrite grains
and 0.006 - 0.032 for carbon particles. These values indicate that the influence of scattering
on matrix grains and carbon nodules is negligible at 1 MHz and would slightly influence
the results at 5 MHz. Using frequencies higher than that would rapidly increase the effect of
scattering. Thus, immersion technique using longitudinal waves with the frequency up to 5
MHz is principally suitable of for DCI ultrasonic examination.

3.1 Immersion Pulse-Echo Technique
The results of the immersion pulse-echo examination of the area 1 (see Fig. 2) under
0o incidence are illustrated in Fig. 3. When 1.0 MHz transducer was used, homogeneous
image was obtained. Fig 3 a) is the C-scan image obtained with 2.25 MHz transducer and
Fig. 3 b) with 5 MHz transducer. Almost no indications are visible at 2.25 MHz. However,
at least six indications can be distinguished at 5 MHz. Similar results were obtained in the

30 mm
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b)

Fig. 3. The comparison of the indications from the area12 in Fig. 2 using flat transducer with the frequency a)
- 2.25 MHz and b) - 5.0 MHz.

area 2. The corresponding C-scan images obtained at comparable gates from A-scans are
shown in Fig. 4 a) – c) at different frequencies. Again, 1 MHz frequency provided only
very rough image without any detail. At 2.25 MHz frequency, at least three relatively large
indications were present in the zone close to the outer surface of the insert. An increase of
frequency to 5 MHz resulted in considerably larger number of indications in the lower part
of the image and at the interface with steel tube. Obviously, the resolution at the
frequencies below 5 MHz is not always sufficient to detect small microstructural defects
present in ductile cast iron. Therefore, 5 MHz frequency was used in the further study.
Fig. 5 a) - b) depict the images from the area shown in Fig. 4 but obtained with 5
MHz focused transducers with the focusing distances of 25.4 mm (2 inch) and 38.1 mm (3
inch). The largest indications in Fig. 5 a) were similar to those visualized by a flat
transducer in Fig. 4 c). The difference is in much better resolution and number of finer
details. The same is valid for the case of the transducer with longer focusing distance.
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Fig. 4. C-scan images of the canister wall (area 2 in Fig. 2) using flat longitudinal wave transducers with the
frequency of a) - 1 MHz; b) - 2.25 MHz and c) - 3 MHz .
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Fig. 5. C-scan images of the canister wall obtained by focused transducers with
the focusing distance of a) - 25.7 mm (2 inch) and b) - 38.1 mm (3 inch) at the
frequency of 5 MHz. The scanned area corresponds to that in Fig. 4.

6

Although some of the larger indications from Fig. 5 a) were also present in Fig. 5
b), several new indications appeared and some of the earlier indications were not visible.
This is due to the spatial distribution of possible defects in the sample. They are visible
when they are in the zone corresponding to the focusing depth and disappear when they are
located out of focus. Spatial distribution of individual indications in axial direction is
possible from the analysis of the A-scan plots. The depth of the largest indications was
measured manually and their distribution in the volume is indicated by different spots in
Fig. 6. Red spots correspond to the indication in the range 22-27 mm under the surface and
blue ones to those in 10-20 mm depth. However, such spatial resolution is low and the
procedure is time consuming. More precise distribution of the defects can be obtained when
more sophisticated automatic ultrasonic techniques with variable focus distance, e.g.
phased array system, are used.

area 3
27 mm

Fig. 6. The distribution of the largest indications in the insert wall
from the deformed mock-up: the blue indications are in the
depth 10-20 mm and red spots 22-27 mm under the surface.

The indications seen in C-scans were subsequently identified by destructive method [9-10].
Fractography and fracture analysis implied that the agglomerates of slag inclusions and
oxide filled cracks around the agglomerates are usually the largest and critical defects [7-8].
Their size was up to 4 mm. However, the size of some indications in Fig. 6 exceeds 10 mm.
Their size corresponds to the maximum possible size determined from the signal on Ascans. The size of such agglomerate on a metallographic cross section can be considerably
smaller. This explains apparent disagreement between the sizes of the indications and slag
inclusions. Thus, the indications revealed by ultrasound can be attributed to the
agglomerates of slag inclusions and oxide filled cracks.
Large cracks visually seen in the area 3 and indicated in Fig. 2, were oriented
axially and grew in radial direction. Despite their size in axial direction at least 50 mm,
none of the measurements above was able to detect them.
The measurements in radial direction from outside with 0o incidence angle were
also unsuccessful because of several effects. Firstly, the wall thickness varied from 28 mm
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to 52 mm. The second effect is connected to the change in the angle between the incident
beam and sample surface due to curvature of the outer insert wall and its additional
deformation. Thirdly, the result is influenced by the roughness of the interface between the
insert wall and steel tube, which cannot be eliminated. Because of that, all possible
indications were lost.
Another attempt to detect cracks was made using two flat transducer set-up with 45o
angle between direction normal to the component surface and incident/reflected beam. The
distance between the transducers was 104 mm, the tilt of each transducer was 11o and the
distance from the surface was 20 mm. With such set-up it was expected that the cracks,
which were not detectable with 0o incidence angle, can be detected. However, because of
small size of the wall compared to the distance between the transducers, the edges of the
sample were lost and multiple reflections from the side walls caused additional problems
with crack detection. Therefore, area 3 was cut out of the insert wall and investigated in
tangential direction. The thickness of the segment was 27 mm and its surfaces were ground
flat and parallel. The examination was performed with 0o incidence angle and the same
transducers as earlier. The best results were obtained with 5 MHz using both flat and
focused transducers. C-scans are compared in Fig. 7. They correspond to the gate range
from 400 ns to 600 ns, which is equivalent to the depths from 14 mm to 21 mm under the
surface. After adjusting the gate widths it was possible to distinguish two separate cracks
and determine their location. One of them was in the depth of around 15 mm and the
second at 20 mm under the surface. Their true locations are visible in Fig 8. The first crack
was around 15 mm under the front wall surface; the second crack was approximately 20 21.8 mm deep. Such range results from its branching and slight tilt compared to outer
surface.
The maximum size of the cracks measured on Fig. 7 a) was around 12-15 mm. The size of
the crack on the section cut along the line indicated in Fig. 8 was 10 mm, which agreed well
with the ultrasonic measurements.
The image using focused transducer with the same frequency (Fig. 7 b)) slightly
differed from that from flat transducer (Fig. 7 a)). Crack indications were smaller, crack
front was defined more clearly and finer details were revealed. These differences result
from the well defined focusing depth of the transducer. The obtained C-scan in later case
corresponds to the "cross section" of the crack in the plane corresponding to focusing depth
whereas full projection of the crack is obtained with flat transducer. However, in both
cases, very good detectability, sizing and localization of cracks oriented perpendicularly to
the beam was demonstrated.

3.2 Suitability of the Immersion Technique
The results of the immersion technique demonstrated its ability to detect large slag
inclusions and cracks with appropriate orientation when the frequency of 5 MHz is used. At
the same time, a number of principal limitations was revealed. Firstly, the optimum range
of frequencies is around 5 MHz, higher frequencies would cause more scattering. Secondly,
the examination with pulse-echo method with 0o incidence angle is difficult in the case of
geometry with non-parallel front and back walls. Although slag defects can be detected,
their detectability strongly depends on the geometry of the inspected component. The same
is valid for the cracks. Moreover, only the cracks with appropriate orientation are
detectable. Finally, the laboratory scanning and data acquisition systems used in the current
study are prohibitively slow for industrial applications. Although this technique can be
successfully used in the cases with simple geometry, considerably faster industrial
ultrasonic systems with the possibility to eliminate the effects of component geometry are
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necessary. The next step in the determination of the optimum non-destructive technique
will be testing of the phased array system, which is expected to solve at least some of the
problems.
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Fig. 7. C-scan images of the cracks in the area 2 measured in tangential direction at 5 MHz using a) - flat
transducer, b) – focused transducer (2 inch). Cracks are distributed in the depth from approximately 14 up to
21 mm under the surface.

4. Conclusions
Non-destructive examination of the suitability of the immersion pulse-echo technique
for the evaluation of the ductile cast iron insert walls in the canisters for spent nuclear fuel
disposal revealed, that:
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Fig. 8. Inner wall of the insert channel with the cracks visualized in Fig. 7 from tangential direction. The
sample was cut along the indicated line to measure crack size.

•
•

•
•

the immersion technique is principally suitable for the examination of ductile cast
iron with the frequencies around 5 MHz;
the method is capable of the detection, location and sizing of large slag
agglomerates and cracks with the appropriate size and orientation in the components
with simple geometry; slightly better results were obtained with the focused
transducers compared to flat transducers;
it exhibits number of difficulties when applied to real insert geometry with variation
in surface quality and curvature. Geometry effects prevent detection and
identification of any defects.
laboratory ultrasonic testing systems are not suitable for the inspection of the large
insert walls because of prolonged time for examination. Much faster industrial
ultrasonic systems with the possibility of beam steering and focusing, such as
phased array system, seems to be more appropriate in the case of the examination of
DCI inserts.
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