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Abstract. In this contribution we concentrate on the detection and quantitative 
characterization of casting defects at the surface as well as in the near-surface and 
the bulk area. For ultrasonic inspection of the bulk material we employ mechanized 
scanning and defect reconstruction using the Synthetic Aperture Focusing 
Technique (SAFT). For the near-surface inspection we consider eddy current 
techniques to identify open or covered defects. Visual surface inspection based on 
optical systems and image processing complements our multi-sensor approach. 

1. Introduction  

Due to the complexity of the metal casting process, the production of cast components 
requires appropriate quality assurance procedures. Careful material melting, casting and 
heat treatment within the high-level production processes might nevertheless give rise to 
irregularities: gas porosity, shrinkage defects, pouring metal defects and metallurgical 
defects, such as hot cracking. The usual procedure based on dye penetrant inspection can 
reveal surface defects and the respective indications might point to defective bulk material. 
 To maintain or increase the quality of the manufactured cast components, but also to 
ensure their integrity during operation, the use of complementary inspection techniques is 
advised. In this contribution, we thus concentrate on the detection and quantitative 
characterization of casting defects at the surface as well as in the near-surface and the bulk 
area in order to gain - at best - comprehensive insight into the examined part. For ultrasonic 
inspection of the bulk material we employ mechanized scanning and defect reconstruction 
based on Synthetic Aperture Focusing (SAFT). Here, we usually apply conventional 
normal incidence and angle beam probes, but we have also examined the potential benefits 
of phased array probes and electromagnetic acoustic transducers (EMATs). For the near-
surface inspection we consider eddy current techniques to identify open or covered defects. 
Visual surface inspection using optical systems and image processing techniques for 
production- or corrosion-induced deficiencies, open cracks or other damages complements 
our multi-sensor approach.  
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We focus on cast ship propulsion components made of copper-nickel-aluminum 
bronzes (CuNiAl), where the emphasis is on the inspection of repair welds and on the 
detection of porosities generated during the casting process. The propeller is a ship’s most 
exposed component and more frequently damaged than other components. Therefore 
methods which guarantee a higher welding quality in order to avoid damages initiated from 
flaws in welds are most beneficial. Also, if it is possible to ensure the integrity of the welds, 
damages in areas with higher stresses can be repaired instead of cutting blade tips and 
replacing the complete propeller [1]. The major difficulty for ultrasonic inspection of cast 
bronzes is due to the elastic properties of these materials, since the coarse-grained 
microstructures lead to a strong attenuation of the ultrasonic waves and thus to weak 
signals. Additionally, the generation of ultrasound is strongly influenced by the complex 
shape of the propeller surface. 

The need for surface inspection is due the steady contact with corrosive seawater, 
while near-surface inspection for hidden defects is advised due to the steady loads during 
operation, which can lead to growth of defects and sudden rupture. 

2. Bulk Inspection Techniques and Evaluation Algorithms  

Ultrasonic inspection of the bulk material and of repair welds is performed using various 
techniques which are based on the angle beam incidence of longitudinal and transverse 
waves from both sides of the weld in combined transmit-receive (TR) and impulse-echo 
(IE) mode. In order to enhance the evaluation of the acquired ultrasonic data the Synthetic 
Aperture Focusing Technique (SAFT) is used, taking the curved component surfaces into 
consideration. The use of 3D-SAFT has been proven to be most beneficial with respect to 
the improvement of the signal-to-noise ratio (SNR). This is particularly useful in view of 
the fact that the crack-tip signals are in many cases buried within the (grain) noise signals 
which is typical for coarse-grained cast materials. Based on the SAFT imaging of the crack-
tip signals and the mirror-angle reflections a reliable determination of the crack length and 
thus a sizing of the cracks can be performed [2]. 
 The principle of the Synthetic Aperture Focusing Technique SAFT is based on the 
division of the evaluation volume (in 3D) or the evaluation plane (in 2D) into voxels or 
pixels, respectively, and on the addition and storage of the recorded, spatially dependent rf-
signal amplitudes in the respective voxels (or pixels) according to the times-of-flight and 
the probe divergence angle. The amplification of the signals reflected at defects and the 
component’s reflecting geometric features (surfaces, interfaces) is due to constructive 
superposition, while the noise signals are diminished by destructive superposition. The 
nominal incidence angle, the beam divergence angle, the probe’s index point and the exact 
probe position on the wedge as well as the voxel (pixel) size influence the achievable 
accuracy of the SAFT reconstruction. To optimize its efficiency we apply 
• the acquisition and digitization of the rf-A-scans via line scans in 2D or via meander/ 

comb-like scans in 3D, 
• the virtual extension of the transducer aperture via equidistant scanning with probe 

position distances and line-to-line distances equal to usually one third of a wavelength, 
• the selection of small volume elements (voxels) to enhance the resolution, 
• the selection of ultrasonic sensors with small diameters to enhance the lateral resolution 

and with large beam divergence to improve the SNR.  
 The inspection system consists of: a two-channel electronic unit for ultrasound 
generation, a standard data acquisition module, an intelligent scanner control unit, a three-
axes manipulator with flexible sensor holdings, an industrial PC [3]. These components are 
complemented by four Windows applications for the inspection, the reconstruction, the 
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visualization and the control of the scanning unit. Each of these applications can be run 
independently. The modular concept allows to link further, customer-specific applications, 
such as e.g. commercial electronic units for ultrasound generation. 

The manipulator allows for inspections with different types of transducers and is 
also used for inspections with EMATs. The phased array investigations are performed with 
commercial manual inspection systems in order to obtain additional information (analysis 
mode) on defects detected during mechanized scanning (search mode). 

3. Cast CuNiAl-Bronzes – Material Characteristics  

In our investigations of about 70 ship propeller blades since 2005, including the inspection 
of three large-sized propellers (diameter 9 m, weight approx. 100 tons), we have acquired a 
database which is beneficial in view of the detection and evaluation of defects in the bulk of 
ship propellers with blade thicknesses of up to 450 mm. Figure 1 shows representative 
microstructures of four different propeller materials, which can be categorized to display 
rough (WA), intermediate (1GL), fine (2GL) and very fine (WC) microstructure. Table 1 
shows a listing of the different mechanical characteristics of these materials [4]. In [5], a 
direct relationship between tensile strength and blade thickness has been established. In [4], 
it has been shown that the tensile strengths of the materials WA, 1GL, 2GL and WC are 
fitting to those examined in Ref. 5, covering the range of thicknesses from 20 mm to 450 
mm addressed in our investigations. The reason for the variation of the microstructure is the 
cooling velocity during the manufacturing process, which is mainly influenced by the size 
of the casting. Larger thicknesses of the casting lead to a slower cooling rate and thus a 
coarser grain structure. In the case of material WC the cast specimens are relatively thin, 
this material accordingly has a very fine-grained microstructure due to rapid cooling. 
Material WA, which has been taken from a large cast block, has a coarse microstructure. 
 

Table 1. Mechanical properties of the typical cast CuNiAl-bronzes [4].  

Material Microstructure Yield strength Rp0.2 
[MPa] 

Tensile strength Rm 
[MPa] 

Elongation at 
fracture At [%] 

 
WA 
1GL 
2GL 
WC 

 
coarse 
intermediate 
fine 
very fine 

 
204±7 
184±4 
216±4 
255±7 

 
457±27 
533±5 
594±15 
746±32 

 
8±2 
21±1 
23±4 
20±5 

 

    
Fig. 1. Microstructure of typical CuNiAl-bronze materials: a) WA with coarse, b) 1GL with intermediate, c) 

2GL with fine and d) WC with very fine microstructure [4].  

4. Laboratory and On-Site Inspection of Repair Welds - Examples 

The mobile inspection equipment as well as SAFT have been tested and validated on a 
series of specifically welded specimens and blades which have been provided by our 
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various partners. The mobile equipment currently allows for scanning of an area of 700 mm 
x 400 mm at a speed of up to 100 mm/s in horizontal position and of up to 60 mm/s in up-
right position. Figure 2 shows two examples: the set-up for a repair order in a repair dock in 
Piraeus (Greece) and the modified set-up of the scanner equipment to perform a weld 
inspection in a repair shop in Germany. 
 

 
 

 

 

Fig. 2. On-site inspection using the mobile scan equipment in a repair dock at Piraeus (left) and in the repair 
shop of a German service company (right). 

 

Figure 3 shows two further examples: the set-up for the inspection of a repair weld which 
has undergone subsequent heat treatment (left). A sophisticated set-up for the inspection of 
fixed pitch propeller in mounted state is shown on the right, which allows to estimate the 
tedious efforts necessary for such kinds of inspections. The testing of fixed-pitch propellers 
in mounted state is technically challenging, last but not least because of the large 
dimensions of e.g. container ship propellers. 
 
 

 
 

 

 

Fig. 3. On-site inspection of a repair weld using the mobile scan equipment in a repair shop (left); inspection 
of a mounted propeller under dry-dock conditions (right).  
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5. Representative Experimental Investigations 

 5.1 Bulk Inspection – Phased Array and EMAT 

In this contribution we exemplarily concentrate on results obtained on one of the welded 
test specimens with model defects in a V-weld (width 49 mm). The defects are: a 3 mm 
side-drilled hole (SDH) in the weld flank, 3 mm and 4 mm notches in the weld root, 3 mm 
and 4 mm notches in the heat-affected zone and two 3 mm through-drilled holes (TDHs) in 
the center of the weld (Figure 4). We have considered conventional shear-vertical (SV) 
wave angle beam inspection (42° incidence) with SAFT-reconstruction [1], phased array 
inspection using a linear array (SV-waves) and 52° angle beam inspection with EMAT-
generated shear-horizontal (SH) waves with subsequent SAFT-reconstruction. For the 
phased array measurements we have used a linear array (32 elements, frequency 2.25 
MHz), mounted on a wedge to allow for 45°-inspection if no delay laws are applied (Fig. 5, 
left). For EMAT weld inspection in CuNiAl-bronze material a specifically optimized 
EMAT-frontend unit was used, which allows to electronically sweep the angle of incidence 
in the range from 30° to 60°. Here, a specifically designed EMAT-array probe with 4 
transmitting and 4 receiving elements and a center frequency of 680 kHz was used (Fig. 5, 
right). 
 

   
Fig. 4. Welded test specimen No. 2 with various model defects.  

 

            

Fig. 5. Linear phased array probe and EMAT used for weld inspection.  

 
The C-scan results of the inspections are shown in Figure 6. Conventional mechanized 
angle beam inspection and subsequent SAFT-processing of the rf-data allows the 
reconstruction of the various model defects with sufficient sensitivity even for a low center 
frequency of 1 MHz. Phased array inspection at 2.25 MHz yields similar results. In the 
EMAT-inspection, both the notches and the SDH could be imaged, of course at the expense 
of a lower resolution, but the TDHs could not be detected due to the low frequency of 680 
kHz. However, for weld inspection in thick-walled areas we see advantages in using 
EMAT-generated SH-waves, since no mode conversion occurs. 
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Fig. 6. C-scan results of the angle beam, phased array and EMAT inspections (from left to right). 

 

5.2 Surface and Sub-Surface Eddy Current Inspection  

Eddy current (EC) testing is well known to be a very sensitive NDT method to detect near- 
surface and surface flaws. Optimized differential and multi-differential EC techniques are 
able to detect cracks, even scratches with a depth of three times the surface roughness with 
a signal-to-noise ration of more than 6 dB [6].  

We have performed experiments using EC techniques to additionally investigate 
their potential in detecting covered sub-surface defects such as inclusions and pores. In our 
investigations we have used standard, non-optimized miniature differential probes for 
covered sub-surface defect detection. Figure 7 shows one of the examined specimens and 
the results obtained. The specimen has been supplied with flat-bottomed holes (FBHs) of 2 
mm and 3 mm diameter under ligaments of 0, 0.5, 1, 1.5 and 2 mm. The detection of the 2 
mm FBH was successful for ligaments up to 1 mm without additional optimizations of the 
test equipment. Using specifically optimized probes in consideration of size, penetration 
depth and/or frequency should allow for the detection of FBHs under ligaments of up to 3 
mm. Respective studies will follow. 
 

 
Fig. 7. Eddy current C-scan results of a test piece with covered 2 mm and 3 mm FBHs. 

 

5.3 Optical Surface Inspection 

For the detection of dents and scratches, which can be regarded as damage precursors in 
corrosive media, we have investigated the potential of surface inspection with optical 
systems and image processing techniques. Here, one of the challenges is given by the fact 
that features such as grinding patterns are no defects and have to be recognized and 
removed from the list of relevant indications. The usually applied automated procedure 
consists of: 
• image recording including illumination, camera positioning and calibration; 
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• pre-processing of the image including de-noising, simple segmentation (‘find the 
object’) and image normalization;  

• detection of potential defects using object segmentation methods, as a result a list of 
potential defects is generated (‘regions-of-interest’, ROI); 

• calculation of features for each ROI such as geometry and statistic quantities, e.g. grey-
colour average, variance etc., as well as complex features using different algorithms 
(SIFT, ASIFT, SURF etc. [7]); 

• classification with respective features, used to decide whether a potential defect is a 
‘real’ defect; here, suitable classifiers are applied. 

Figure 8 shows a typical set-up which we have used for surface inspection of a welded test 
specimen and the results obtained for the grinded weld area. The grinding patterns are 
finally classified as pseudo flaws of no relevance, while the algorithmic processing has also 
detected and identified various scratches. These would be prone to crack initiation during 
operation of such components under alternating loads in corrosive sea-water. 
 

   
 

Fig. 8. Inspection set-up with illuminator and camera (left); evaluated image with grinding patterns, marked 
ROI and identified scratches and pseudo flaws (right). 

6. Conclusion 

In our investigations we have addressed the detection and the evaluation of defects in the 
bulk of ship propellers of thicknesses up to 450 mm. In this respect, we have applied 
several techniques which are particularly beneficial for repair weld inspection. The 
representative results presented here have been complemented with POD-analyses 
(Probability of Detection) using the datasets acquired on several test blocks of different 
grain structure. In our approach, the influence of the surface curvature or different defect 
parameters, but also the sound attenuation on the POD is additionally investigated by 
simulations. Thus, we are able to evaluate the least detectable defects size (in terms of 
FBHs) in dependence of the components material characteristics [8]. Our investigations in 
view of the detection of surface and sub-surface defects using optical and eddy current 
techniques have shown the considerable potential of these approaches. 

The applied techniques might be of interest for the inspection of other cast materials 
as well, relevant e.g. in automotive industries. Due to the conservatism in maritime 
industries we have not yet engaged in data fusion aspects. However, in other industries the 
three-dimensional visualization of the inspection data acquired with the presented 
complimentary techniques might be seen to be beneficial. 
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