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Abstract
The current dynamic process in computing, microelectronics, smart sensors and automation
provide NDT system engineers with challenging opportunities for improved NDT solutions. We
focus on the quantification of inspection results with respect to flaw type, flaw location and flaw
size, at high inspection speeds. We strive to conquer traditional inspection limitations, such as
the ultrasonic inspection of non-accessible component areas, and we may be able to assess the
variations of material conditions caused by fatigue or by radiation-induced embrittlement, to
name a few.
For nuclear engineering, risk based NDT has become an important procedure to optimize the
contribution of NDT to nuclear safety concepts. We present first results of a 3-Dimensional
Ultrasonic Tomography technique with high-resolution discontinuity images comprising all
arbitrary scan angles at standard inspection speeds, which will help to evaluate findings in
pressurized components and will help to avoid repairs that may even cause further degradation in
the component’s quality. Quantitative NDT (QNDT) may become part of a general probabilistic
approach to assess the failure risk, and will also help gain to understand the value of NDT in
quantitative figures.
Based on integrated computing tools, we present a manually performed ultrasonic inspection
with 3-dimensional tomography images, comparable to conventional manipulator-controlled
inspections. The ultrasonic signals are analyzed to determine transducer positions and their
changes at the accuracy required to apply synthetic aperture focusing techniques (Acoustic
Mouse).
To analyze neutron embrittlement, we discuss initial ideas to measure this type of material
degradation with scanning techniques. We evaluate the embrittlement through the cladding by
analyzing the magnetostrictive properties of the material.
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1.

Introduction

NDT in nuclear engineering always was representing the highest developed state of the art
pushed by safety and quality requirements and standards. As a result, in the last twenty years
many new techniques like:
• ET with frequency mix
• UT with phased array transducers
• UT with SAFT (synthetic aperture focusing technique) [1]
became developed first for NPP applications.
Today, NDT-technology is highly matured. However, there exist still some inspection tasks
which need further improvement.
2.

Quantitative NDE

The objective is to combine NDT and fracture mechanics based on probabilistic approaches.
Whereas it is well known from destructive test of fresh material that the material properties like
yield strength, tensile strength and fracture toughness show a distinct scatter in the data, we have
not enough reliable experiences with aged components, aged under thermal or fatigue ageing or
neutron irradiation or under the synergistic effect of all. However, when we like to extent the
livetime of components like pressure vessels this knowledge base has to be generated and
evaluated.
Concerning NDT, we need more accurate sizing technology to image in 3D the geometry of
irregularities like crack-like indications. The geometry reconstructed in a UT-tomography is the
basis to calculate by semi-analytical or numerical (FE) models the stress intensity factor. Taking
into account the scatter also in the NDT-data (POD, probability of detection) by Monte Carlo
simulation the risk for failure can be calculated [2]. The best technique to perform such a reflector
reconstruction is the use of a phased array transducer controlled in the so called ‘sampling
phased array mode’ [3]. By using high-speed computing algorithms sector scans or superimposed
sector-scans (compound scans) can be performed in real time, including the real-time calculation
of SAFT-B-scans.
Table 1: Features of the Sampling Phased Array-System
Hardware

Channel number
ADC resolution
Amplifier dynamic range
ADC
Operational modes

16 to 64
14 Bit
110 dB (per channel)
40 dB / µs (per channel)
Multi-channel
Conventional Phased Array
Sampling Phased Array
Software
Operational modes
Manual or automatic
Frame repetition rate (in manual Up to 500 SS per second
mode)
Sector-Scan (SS)
Imaging modes
B-, C-, D-, TD-Views
2D- and 3D-compound views
In real time
Reverse Phase Matching Technique
Additional features
anisotropic materials
Manipulator Scanning speed
Up to 500 mm / s for scan and index axes
system

for

Table 1 describes the features of the SPA-System. In figure 1 the soft- and hardware is
documented and figure 2 shows a 3D-reconstruction which was performed with the scan
velocity.
Especially remarkable is the high scan velocity with which also the SAFT-calculation can be
performed. In nuclear power plant environment the high inspection speed is of great advantage
as the irradiation dose of inspection personnel generally has to be reduced so far as possible.

Figure 1: The SPA-System soft- and hardware

Figure 2: 3D-reconstruction
3. The Acoustic Mouse
The ‘Acoustic Mouse’ technique – analogue to the computer optical mouse – has newly been
developed as a tool for manual ultrasonic inspection to provide test results that can be evaluated
quantitatively [4]. The ultrasonic data are algorithmically processed to extract the actual
transducer position information from backscattered acoustic noise and geometric scattered
signals in the inspection volume. The basic idea is based on the analysis of the image
information provided by a sector-scan reconstructed by using the SPA – technique.
The position and positional changes of the ’Acoustic Mouse’ sensor are reconstructed by a
computational analysis of the optic-flow in the sequence of sector scan images by processing two
successive images and applying variational methods. First experiments to learn the
microstructure along the scan path by linear scanning with the SPA transducer reveal a high
precision in predicting the sensor co-ordinates. Moreover, the positioning accuracy of the
‘Acoustic Mouse’ sensor can be checked by producing a lift-off into air. After readjustment of

the sensor at the surface the old position co-ordinate is found by a correlation-based method. The
sensor is moved again along the linear scan path and the actually reconstructed sector-scan
images – as ‘fingerprints’ – are correlated with stored-ones. The old position is obtained when
the correlation coefficient is maximal. Figure 3 shows the SPA transducer after scanning a path
between 0 cm and 7 cm. In the background the sector scan is to see of which only a small frame
has to be evaluated. The path length is reconstructed with 6.98cm (Figure 4).

Figure 3: Scanning of a test specimen
4.

Figure 4: Green shot of the result

NDT for Neutron Irradiation

As worldwide in nuclear industry lifetime extension is the actual objective predictive
maintenance strategies are under development taking into account the possibility for inservice
inspection of the irradiated vessel from the inner side.
Figure 4 documents the irradiation situation of the German NPPs of the last generation [5].
Background is that according to the German codes, the design lifetime is 32 years and the
fluence is restricted to values of 5×1018 n/cm2 (Energy >1MeV). This design end-of-life value
(green curve in Figure 4) is one order in size smaller than in other countries and is obtained by a
much larger gap between PV-wall and core internals in the German design compared with
others. When the real behaviour of the material is discussed resulting from fluence measurements
then the fluence curve follows (in an extrapolation) the red curve.

Figure 5: Neutron irradiation in German NPPs of the last generation

After 48 years of full power service only a value of 3.35×1018 n/cm2 is obtained documenting
also the potential of a possible lifetime extension. The materials selected to perform the nondestructive tests were from the two steel types 22NiMoCr37 and 20MnMoNi55. The important
contents of the elements Cu, P and Ni are indicated in Table 2 where also the available fluence
values are documented. As can be seen, the specimens named P16 with the highest Cu, P, and
Ni-content have the highest fluence values, i. e. they have the highest degree in degradation.
George A. Alers had previously proposed to excite a standing, low frequency (10 kHz,
λ=320 mm) ultrasonic wave by a magnetostrictively working electromagnetic acoustic
transducer (EMAT) [6] in the interface between the austenitic cladding and the ferritic material of
the PV wall propagating in thickness direction. In Figure 6 the principle of such an inspection is
shown which up to now is not yet realized for ISI-technology. A dc- or low frequency acelectromagnet magnetizes locally the pressure vessel wall from the inner side through the
cladding. A high-frequency (HF)-current tone burst is exciting a HF-eddy-current coil; the
magnetic field is controlled by a Hall probe. The magnetostriction as micromagnetic property is
very sensitive to detect lattice defects and therefore the technique was applied also at the Charpy
specimen described in Table 2, the result is documented in figure 7 and 8.
Table 2 Steel grades selected for materials characterization
Indication

Weld Material
/BaseMaterial

Cu
[%]

P [%]

Ni [%]

Fluence
[n/cm²]

P140

WM

0,07

0,009

0,9

3,72E+18
7,55E+18
1,04E+19
3,71E+19

P141

BM

0,06

0,008

0,8

3,78E+18
7,66E+18
1,05E+19

P16

WM

0,08

0,012

1,7

4,15E+18
8,04E+18
1,16E+19
5,22E+19

Figure 6: Magnetostrictive excitation of a standing wave in the interface to the cladding
The EMAT especially optimized to test the Charpy specimens operates at 1.2 MHz. The
echo sequence of the excited standing wave was recorded by varying the superimposed magnetic
field. The time signal was time gated (Figure 7) and in the gate the peak amplitude was

registered. The so obtained measuring quantity was named E60, indicating that the measurement
was performed at the 60% amplitude level of the maximum magnetic field strength. This is an
operating point of the magnetic field at which the magnetostrictive excitation has not yet
obtained its maximum. In Figure 8 by testing the P16 material the measuring quantity E60 shows
a linear decreasing with the dT41 values (Ductile-to-brittle transition temperature measured at 41
Joule Charpy energy). This behaviour is expected with the increase of lattice defects. The scatter
in the data documents the natural scatter in the microstructure of nominal the similar irradiated
material and can also observed in the Charpy test data.

Time gate

Figure 7: Echo sequence recorded at a Charpy
specimen (abscissa time scale, ordinate the
electrical voltage which is induced in the
EMAT by the ultrasonic wave)
5.

Figure 8: Measuring quantity E60 as function
of the shift of the brittle-to-ductile transition
temperature dT41 at P16 material

Conclusion

Advanced NDT technology is actually developed in the German nuclear safety program. The
objective is to improve quantitative approaches based on SPA and to implement NDT for ageing
detection into predictive maintenance strategies.
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